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Introductory survey 
In this thesis we investigate three types of dynamical processes in an 
atom-molecule complex. We consider collisions between the atom and 
the molecule, the states of a bound complex, and the photo-dissociation of 
this complex. A characteristic feature of the complexes we are concerned 
with is that the forces that govern the interactions between the atom and 
the molecule, are much weaker than those in a chemical bond. 
Before going into the details of this study it is necessary to have an 
understanding of the concepts that play a role in the theoretical descrip-
tion of the processes we want to examine. Therefore, we first concentrate 
on the quantum mechanical treatment of molecules. 
Molecules, and clusters of molecules, are aggregates of electrons and 
nuclei. Nuclei are much heavier than electrons and thus their motion 
is a great deal slower. One may view the motion of the electrons in a 
molecule as if the nuclei were fixed in space. The motion of the nuclei, 
on the other hand, is in an average field due to the fast moving electrons. 
Hence, the difference in velocity allows us to treat the motion of the 
electrons and the nuclei separately. This approximation, which is known 
as the Born-Oppenheimer approximation, is commonly used to solve the 
molecular problem for small molecules. 
The first step in the Born-Oppenheimer approximation is to solve 
the Schrödinger equation for the electronic motion by performing a num-
ber of so-called electronic structure calculations. In each calculation the 
positions of the nuclei are kept fixed. If one chooses a convenient set 
of nuclear configurations for which the electronic structure calculations 
are performed, one can subsequently use mathematical and numerical 
techniques to obtain a full potential energy surface (PES). That is, a 
continuous rather than a discrete function that yields the electronic en-
ergy for all possible nuclear positions in space. The minimum value of 
the PES determines the equilibrium positions of the nuclei. 
Since the nuclei are not infinitely massive, they can also move. The 
nuclear motion problem is solved in the second step of the Born-Oppen-
heimer approximation making use of the PES that is determined in the 
first step. The calculations that are necessary to solve the Schrödinger 
equation for the nuclear motion are called dynamical calculations. They 
yield the rotational and vibrational energies of the molecule. The forces 
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that govern the chemical bonding in a molecule, which have a covalent 
or (partly) ionic character, are so strong that the internal motion of the 
nuclei is restricted to small vibrations around the equilibrium structure. 
In the present study we are concerned with interactions between an 
atom and a molecule. This means that we are indeed dealing with an 
aggregate of electrons and nuclei, and so we use the Born-Oppenheimer 
approximation to treat the problem. The atoms and molecules that we 
consider in this thesis all have closed shells, and the molecules are elec-
trically neutral. As a consequence the interaction between the atom and 
the molecule is much weaker than the interactions within the molecule, 
and both constituents retain their identity to a fair extent. The motion 
of the atom in the field of the molecule is much less restricted than that 
of the nuclei in the molecule. The frequencies that are associated with 
the vibrations of the atom in the complex are much lower than molecu-
lar vibrational frequencies. Furthermore, the dissociation energy of the 
complex is small compared to that of molecules. 
The coordinates related to the internal motions of the molecule are 
referred to as intramolecular coordinates. All other coordinates are inter-
molecular coordinates. The PES of the complex will in general depend 
both on the intra- and the intermolecular coordinates. However, the 
fact that the constituents retain their identity is put to use by making a 
further approximation, in addition to the Born-Oppenheimer approxima-
tion. This approximation is similar to the separation of the fast electronic 
and the slow nuclear motions, since now we separate the fast intramolec-
ular vibrations from the slow intermolecular motions. In practice, this 
means that the PES is averaged over the fast intramolecular vibrations. 
Since the amplitudes of these vibrations are small, this can be achieved 
by fixing the nuclei of the molecule at their vibrationally averaged posi-
tions. This procedure greatly reduces the set of nuclear configurations for 
which the electronic problem has to be solved. In fact, the only variation 
of the nuclear positions that remains, is the variation of the position of 
the atom with respect to the molecule. 
The above procedure has to be somewhat modified if the molecule 
also possesses internal degrees of freedom that are slow, apart from its 
fast vibrational motions. That is, if there are internal motions in the 
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molecule that have a frequency comparable to the frequencies of the in-
termolecular vibrations. An example of a slow intramolecular motion is 
the umbrella inversion in NH3. The nitrogen atom in the molecule has 
a small probability of tunneling through the plane of the three hydrogen 
atoms. As a result the ammonia molecule is a floppy molecule that does 
not possess a well-defined equilibrium structure. The frequency associ-
ated with the inversion motion is much smaller than the intramolecular 
stretch frequencies in NH3, for instance. 
Since the slow intramolecular motions and the intermolecular mo-
tions have about the same frequencies, they can couple to each other. 
Therefore, we cannot simply fix the nuclei of the molecule at positions 
that are averaged over the intramolecular motions. Instead, the set of 
nuclear configurations for which the electronic problem is solved has to 
be extended by a number of configurations that the molecule assumes 
when it performs the slow motions. By applying the mathematical tech-
niques mentioned earlier, one obtains a PES that is a function both of 
the position of the atom and of the slow intramolecular displacements. 
In general, the intermolecular PES can be divided into two regions, 
a short range part, where the electron clouds of the monomers overlap, 
and a long range part, where they do not. The short range behaviour 
of the PES is dominated by the so-called exchange interaction, which 
becomes strongly repulsive at small separations. The exchange interac-
tion is a consequence of the Pauli principle, and so it is purely quantum 
mechanical in nature. 
The long range interaction energy for an atom-molecule complex is 
determined by three contributions, namely electrostatic contributions, 
contributions that originate from the mutual polarization of the atom 
and the molecule, and the so-called dispersion interaction. The disper-
sion interaction also is a purely quantum mechanical effect. These three 
contributions together are called Van der Waals forces. If the interaction 
in a complex is governed by these weak forces it is called a Van der Waals 
complex. 
Potential energy surfaces can also be used to study phenomena such as 
solvation, condensation and transport properties. These studies, too, re-
quire the PES to be reliable. So far, we have assumed that the electronic 
12 
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structure calculations yield an exact solution of the electronic problem. 
Even though the computational methods start from first principles (ab 
initio), they all have a certain level of approximation. Thus, the cal-
culated PESs are never strictly accurate. Since it is not possible to 
directly measure the PES by any experiment, the only way to determine 
its reliability is to compare the outcome of dynamical calculations with 
experimental data. The PES therefore plays an important role in the 
discussion of our results. It is for this reason that we have given a rather 
precise account of its features. 
Now that we have discussed the characteristics of the intermolecular 
PES, we can turn to the second step in the Born-Oppenheimer approx-
imation and thereby to the subject of this thesis. That is, we solve the 
Schrodinger equation for the nuclei in order to study dynamical processes 
in the complex. 
In this thesis we consider both bound states and scattering states 
of the atom-molecule complex. If the total energy of the complex is 
lower than the sum of the energies of the free monomers, the complex 
is in a bound state. If the total energy is higher, it is in a scattering 
(or continuum) state. We investigate three types of dynamical processes 
that are distinguished by different initial and final states of the complex. 
In chapters 1-4, we study collisions between the atom and the molecule, 
where both the initial and the final states are scattering states. In chapter 
5, we are concerned with vibrational predissociation. Here the complex, 
that is initially in a bound state, absorbes a photon which causes the 
final state to be a scattering state. Predissociation is therefore referred 
to sometimes as a "half-collision". Finally, in chapter 6, we study the 
situation where absorption of a photon in a bound initial state gives a 
transition to again a bound state. 
The systems that we examine are all Van der Waals complexes. In 
chapter 6 the atom in the complex has a negative charge. As a conse-
quence, the electrostatic contribution to the PES is stronger than in a 
neutral complex, mainly because of the charge-dipole interaction. Even 
though the intermolecular forces are not as weak as those in a Van der 
Waals complex consisting of neutral monomers, the subunits can still be 
identified. 
13 
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In the following we shall give a more detailed survey of the contents of 
the chapters. In chapter 1 we determine integral cross sections (ICSs) for 
rotational excitation and inversion of NH3 by collisions with Ar, and we 
compare them with experimentally determined ICSs. In the dynamical 
calculations we use the accurate close coupling method. 
The ammonia molecule is a symmetric top that possesses a slow um­
brella inversion motion. The states associated with the inversion are 
either symmetric (+) or antisymmetric (—). If the NH3 collides with 
an atom both its rotational and its inversion state can be altered. The 
state-to-state ICSs that we compute are a measure for the probabilities 
of collision-induced transitions between the rotation-inversion states of 
NH3. 
Before the present study the NH3 inversion was only taken into ac­
count by a model that is based on the fact that the duration of a collision 
is much shorter than the period of the inversion motion. This model was 
introduced into the dynamical part of the calculation. The ΝΗ3-ΑΓ PES 
does not depend explicitly then on the inversion coordinate ρ (see also 
the cover of this thesis). Here we use a more rigorous approach to taking 
the inversion motion into account. We actually solve the Schrödinger 
equation for the inversion motion to obtain the (+) and (—) inversion 
wave functions, using a PES that does depend on p. Thus we are able 
to asses the validity of the model. The model proves to be in nearly 
quantitative agreement with the more rigorous approach. 
Further, we investigate the influence of the PES on the ICSs by using 
an ab initio potential and a slightly modified version of this ab initio 
potential. In earlier calculations on bound states this modified version 
gave better agreement with experimental data than the original ab ini-
tio potential. The ICSs are found to be extremely sensitive even to a 
small change in the potential. In the scattering calculations, too, best 
agreement with experiment was obtained with the modified potential. 
Finally, we have used a widely employed approximate method in the 
dynamical calculations, instead of the close coupling method. It turns 
out that this so-called coupled states method, in which the off-diagonal 
Coriolis interactions are neglected, introduces artificial selection rules and 
gives rather inaccurate results for the ICSs in general. 
14 
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In chapter 2 we test the quality of an empirical PES for NH3-A1·, 
which was determined from a parametrized model potential by optimiz-
ing the parameters in a fit of the infrared spectrum. Scattering states 
and bound states are determined by different regions in the PES. So, the 
question is whether a potential that is based on bound states informa-
tion is capable of reproducing scattering data. In order to answer this 
question we compute ICSs for collisions of NH3 with Ar within the close 
coupling framework. We compare the ICSs with those obtained from the 
modified ab initio potential that was also used in chapter 1, and with 
experimentally determined ICSs. 
Our results show that the empirical potential gives better agreement 
with the experimental data than the modified ab initio potential and that 
the error in the ICSs obtained from the empirical potential is close to the 
experimental error in the ICSs. We conclude, therefore, that the bound 
state information contained in the empirical potential is detailed enough 
to adequately reproduce scattering data as well. 
In chapter 3 we present an analysis of discrepancies that were found 
between experimental and theoretical propensity rules in NH3-He scat-
tering. These propensity rules refer to the relative magnitudes of the 
ICSs to the (+) and (—) inversion states of NH3 that belong to the same 
rotational level. 
In the experiments the scattering process is studied by crossing two 
molecular beams, one containing NH3, the other containing He. Molec-
ular beams are formed by expansion of a gas through a small orifice at 
high pressures. Due to the expansion nearly all ammonia molecules in 
the beam are in the same rotation-inversion state. 
Up to now it had not been taken into account that the initial state 
of NH3 prepared in the experiment did not consist of a single state but 
contained small contaminations from other states as well. We find that 
the discrepancies between theory and experiment can be accounted for if 
a correction is made for the imperfect experimental initial state prepara-
tion. This correction is especially important if the long range attraction 
in the PES of the scattering complex is weak. In that case the Coriolis 
terms play a negligible role in the scattering proces. This, in turn, causes 
the ICS from the mainly populated initial state to one of the two inver-
15 
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sion states to be practically zero for some rotational levels. The ICSs 
from the contaminating states to these rotation-inversion states, how-
ever, differ significantly from zero. As a result the effect of the correction 
on these ICSs is large. 
Apart from integral cross sections, which yield the probabilities for 
transitions from one rotation-inversion state to the other, one can also 
compute differential cross sections (DCSs) that give the state-to-state 
transition probabilities as a function of the scattering angle. In contrast 
to ICSs, the magnitude of the DCSs can be related to specific parts of 
the PES. In chapter 4 we compute DCSs for collisions of NH3 with Ar 
and He, and we compare them with experimental DCSs. The DCSs for 
Nrlß-Ar are found to be in reasonable agreement with experiment, for 
]ЧНз-Не the agreement is slightly less. Overall differences in the DCSs of 
the two complexes can be understood from differences in their potentials. 
The vibrational predissociation of ΝΗ3-ΑΓ is treated in chapter 5. 
The ammonia molecule in the complex is excited to its first vi ("um­
brella") vibrational level. In addition to this intramolecular excitation, 
the complex can also have excited Van der Waals states, corresponding to 
excitations of the intermolecular modes. The associated energy is higher 
than the dissociation energy of the complex and so these states are called 
quasibound states. Eventually energy will be redistributed from the in­
tramolecular vibration to a dissociative translational motion, leading to 
fragmentation of the complex. For each quasibound state both the life­
time and final state distribution of the NH3 fragment can be derived from 
the calculations. 
In our computations we use the two potentials that were also used 
in chapter 1. Again, a small change in potential has a large effect on 
the outcome of the dynamical calculations, both on the lifetimes and on 
the final state distributions. For one quasibound state the experimental 
lifetime has been determined. The computed lifetime for this state is 
within the error limits set by the experiment for the ab initio potential, 
and slightly outside the error bars for the modified potential. 
In chapter 6 we calculate the PES and the dipole moment surface 
of the molecule-ion complex NH3-H -, and its isotopomers NH3-D - , 
and ND3-H - . From these we compute their vibration-rotation-inversion 
16 
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states for J = 0 and J = 1, and the rovibrational transition probabilities 
between these states. The PES has three equivalent minima, each corre-
sponding to a configuration where a hydrogen (deuterium) atom of the 
ammonia is pointing toward the ion. 
We determine the character of the ground and vibrationally excited 
states. The ground state shows a nearly prolate asymmetric top be-
haviour with a small probability for the ion to tunnel between the three 
equivalent minima in the potential. The excited states have a bend or 
stretch character along the intermolecular axis, and the threefold tunnel-
ing is much faster than in the ground state. The inversion of the ammonia 
is nearly quenched by the presence of the ion. From the magnitudes of 
the rovibrational transition probabilities we infer that to all likelihood it 
is possible to measure the infrared spectrum of these complexes, and to 
compare these with our predicted spectra. 
17 

Chapter 1 
Close coupling calculations on rotational excitation 
and inversion of NH 3 by collisions with Ar 
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1. Introduction 
The last few years it has become possible to obtain state-to-state cross 
sections for transitions between rotation-inversion (j^) states of NH3, 
induced by collisions with various perturbers. Advances in molecular 
beam techniques and in laser spectroscopy have made it feasible to dis­
criminate between the symmetric (+) and antisymmetric (—) states of 
the inversion doublets. The close coupling (CC) method for the accurate 
quantum mechanical treatment of the problem has been well established 
theoretically for quite some time. However, computer systems that meet 
the computational demands have only recently become available. 
In this chapter we consider collisions of NH3 with Ar. This study 
was undertaken mainly for two reasons. First, comparison of theoretical 
results with experimental data enables us to determine the accuracy of 
an ab initio intermolecular potential energy surface [1], in the region 
that is probed in scattering experiments. In addition, we used a slightly 
different potential in order to gain some understanding of the sensitivity 
of the cross sections to variations in the potential surface. This second 
potential contains a scaling parameter that was chosen to account for 
spectroscopic data regarding the bound states of ΑΓ-ΝΗ3. In particular, 
we wanted to see whether a variation that improved bound state results 
would also improve the outcome of the scattering calculations. 
Second, we investigate how the description of the umbrella inversion 
of NH3 influences the cross sections. Until now, this inversion has been 
included in scattering calculations on NH3 only via a model in which the 
inversion-tunneling wave function is a linear combination of two delta 
functions centered at the equilibrium positions (Davis and Boggs [2], 
Green [3]). Although the model has its justification in the fact that the 
period for inversion is much longer than the duration of a collision, it 
was not clear whether experimentally found deviations from predicted 
propensity rules could not be attributed to the neglect of the inversion 
motion in the description of the intermolecular potential [4,5]. Here we 
take the inversion degree of freedom explicitly into account, in order to 
assess how severe an approximation is made in neglecting it. 
20 
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Finally, we have performed some calculations using the much cheaper 
coupled states (CS) approximation, to find out how this approximation 
affects the calculated cross sections. In calculations on He-NH3 using the 
CS method [6] certain theoretical cross sections are found to vanish or 
almost vanish, whereas the experimental cross sections are significantly 
different from zero [4]. By applying the CS approximation, together 
with the full CC method on the same ΑΓ-ΝΗ3 potential surface, we 
can establish to what extent deviations are caused by the theoretical 
scattering method. 
2. Theory 
The coordinate system used in the CC method is the space-fixed frame 
[7]. The vector R, with polar angles (β, α) in this frame, points from the 
NH3 center of mass to the Ar nucleus. The orientation of NH3 is given 
by the Euler angles (7, ι9, ψ), where 7 and i9 are the usual spherical polar 
angles of the symmetry axis of NH3 with respect to the space fixed frame 
and φ is the third Euler angle describing a rotation of the symmetric top 
around its symmetry axis. In the geometry 7 = ι? = φ = 0, the nitrogen 
is on the positive z-axis and one of the protons is in the xz plane with a 
positive x-component. The inversion coordinate ρ is defined as the angle 
between the C3 axis and one of the N-H bonds. 
The rotation-inversion scattering Hamiltonian can be written as 
Η = Н
итЪ
(р) + #vdw(7,#>Ψ, R,β,α,Ρ) • (1) 
The Hamiltonian for the umbrella motion of the NH3 monomer, which 
depends only on the internal coordinate p, is designated by /fUmb· It 
describes both the fast umbrella vibration (^2) and the slow inversion 
tunneling. If the threefold symmetry is retained and the N-H distance 
is kept fixed at го, Я
и т
ь is given by [8,9] 
Я
и т Ь
 = -1П*д(р)- *±і£(
р
)д(р) *± + V
umb(p) , (2) 
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where 
gifi) = Izx(ft)Iyy{p)Izz(p)IPP(ft) , (3a) 
Ixx{p) = Iyyip) = 3mHr%(±sm2ρ + (cos2p) , (3b) 
hz{p) = 3mHrlsm2p , (3c) 
IpP(p) = 3mHro(cos2p + Csin2p) , (3d) 
С = mN/(3mH + mN) . (3e) 
Here g(p) is the determinant of g = dìag(Ixx, Iyy, Izz, Ipp), which is the 
metric tensor in a curvilinear coordinate system; тц and τηχ are the 
masses of the hydrogen and nitrogen nuclei. The quantities I
xx
, Iyy and 
Izz are the moments of inertia of NH3, which depend on the inversion 
coordinate p. The generalized moment of inertia Ipp is associated with 
the umbrella motion and depends also on the inversion coordinate. The 
double well potential
 игп
ъ{р) is represented by a harmonic force field 
augmented by a Gaussian 
V
umb(p) = Щр - ¿π)2 + α exp [-b(p - ¡π)2] . (4) 
The parameters k, α and ό are chosen such that the measured inversion 
tunneling splitting in the v-¿ ground state and both transitions to the щ 
first excited state are reproduced to an accuracy better than 0.1% . The 
form of the resulting potential is shown in Fig. 1. 
The associated eigenvalue problem is solved in Ref. [10] with the use 
of a basis of functions sinmp (m = 1,..., 100). Here we consider only 
the lowest two eigenfunctions | ν ), also shown in Fig. 1. They describe 
the lower and upper inversion states that are separated by 0.8 c m - 1 . 
The lowest of the two, which is designated by и = +, is symmetric 
with respect to ρ -> π — p. The upper level , designated by ν = —, is 
antisymmetric with respect to this operation. 
The Van der Waals Hamiltonian can be written as 
£
v d w ( 7 , ΰ , Ψ > R,β, α, ρ) = Β{ρ)Τ + [С(р) - В(р)] j 2 + l 2μΒ? 
h2 ffi 
ϋ+ν
ίηί
{
Ί
,ϋ,φ,ΙΙ,β,α,ρ). 
(5) 
2μΚ dR2 
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2500 
105 
ρ (degrees) 
135 
Fig. 1 Double well potential
 ит
ъ(р) for the NH 3 umbrella motion, cf. Eq. (4), 
and the two lowest eigenfunctions of i/Umb(p)> cf. Eq. (2). Wavefunctions in 
arbitrary units and zero coinciding with the corresponding energy. 
The first two terms in -Hydw represent the symmetric top Hamiltonian 
of NH3. The rotational constants are related to the moments of inertia 
given in Eq. (3): B(p) = [2Ι
χχ
{ρ)]-χ and C{p) = [2/
г г
(р)] _ 1 · The^ 
third and fourth term give the kinetic energy of the "diatom", with I 
being the relative angular momentum. The intermolecular potential Vj
nt 
is expanded in spherical harmonics Υχμ: 
Ит(Д, ,Ф,р) = 5 > А Л Д . Р ) * ( ,Ф) , (6) 
λμ 
where θ and Φ are the polar angles of the Ar projectile with respect 
to the principal axes frame of the NH3 rotor. In the space fixed frame 
Υλμ(θ,Φ) becomes 
* ( ,Ф) = £ Р $ ( 7 , а д У д Л / 3 , а ) , (7) 
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where ϋΙμ(j, ΰ, ψ) is the usual Wigner rotation matrix [11]. The expan­
sion coefficients υχμ{Κ,ρ) have been taken from Bulski et al. [1], who 
calculated the ab initio potential for four different umbrella angles p, 
and expanded it in tesserai harmonics. Due to the threefold symmetry 
of the ammonia only terms with μ = 0,3,6,... are present. The first 15 
terms with I < 7 have been included, which leads to an accuracy of about 
0.6% in the convergence of the expansion. The expansion coefficients are 
written as a sum of a short and a long range contribution: 
ν
Χμ (Я, ρ) = v^(R, ρ) + v{f(R, ρ) , (8) 
where 
vf*(R, ρ) = F
v
( p ) [1 + δ
Χμ{ρ)Β] exp [-αΧμ{ρ)η - βχμ{ρ)η2} , (9a) 
10 
v™(R,p) = -J2fn"(R,P)C^(p)R-n - (9b) 
n=6 
The 0„μ(ρ) are the induction and dispersion coefficients, the /*μ(Α, ρ) 
are Tang and Toennies type damping functions. The values of all coeffi­
cients are given in Ref. [1]. The rotational constants for a given tunneling 
state ν are given by 
B
v
 = {v\ B(p) | ν ) and C
u
 = ( ν | C{p) \v) . (10) 
Their values are listed in Table 1. 
Table 1 
Rotational constants for the lowest two inversion 
states (in c m - 1 ) . 
V 
+ 
a) Ref. 
b) Ref. 
calculated values"' 
B
v
 C„ 
10.000 
9.998 
[10] 
[14] 
6.337 
6.337 
values used 6 ' 
B
v
 C„ 
9.9402 6.3044 
9.9402 6.3044 
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In the CC method [7] the angular basis functions are usually formed 
by Clebsch-Gordan coupling of the relative angular momentum functions 
y¡m , (β, а) = I Imi ) and the symmetric top functions | jkm ) to a total 
angular momentum J with space fixed z-component M. bn the case 
of permutation-inversion symmetry РІ(Бз/!), which we have here, it is 
convenient to take linear combinations | jkme ) of the symmetric top 
functions, defined by 
| jkme ) = (2 [1 + Sk0])~1/2 (| jkm ) + €\j-km)), (11) 
where к > 0 and e = ± 1 , except for к = 0 when obviously only e — +1 
is allowed. 
Since we take the umbrella motion explicitly into account, the basis 
has to be extended by taking the tensor product with the tunneling 
functions v(p): 
| jklJMev ) = Σ | jkme ) | Imi ) | ν ) ( jmlmt \ J M ) , (12) 
771,771/ 
where ( jmlmi \ J M ) is a Clebsch-Gordan coefficient [11]. Prom sym­
metry considerations it follows [3] that the symmetric (antisymmetric) 
inversion function can combine to a state adapted to РІ(Бз/і) with only 
one of the two | jkme ) functions, so that e = =p(—1)J for ν = | ± ). We 
can therefore omit the quantum number и and label the basis functions 
by | jklJMe ), instead of using the labeling given in Eq. (12). In the 
CC equations the noninteracting blocks for different J are separated into 
two parity blocks, each containing channels (jkle) having different values 
of e ( — i y + k + l . States of the free NH3 can be designated by jf., thereby 
uniquely specifying the inversion function. 
The coupling between the channels that originates from the potential 
matrix elements is given by 
Vj'wc = Σ < 3klJMe I V^(R> Р) у *Д >ф) I fk'l'JMe' ) . (13) 
The integration over all the relevant angles α, β, 7, ι?, φ is performed, af­
ter substitution of Eq. (7), by angular momentum techniques, as is usual 
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in the CC method [7]. In order to calculate the matrix elements between 
the two tunneling states v(p) we obtained an analytical representation 
of the p-dependence of the expansion coefficients νχμ (R, p) by fitting, for 
each value of R, a fifth order polynomial in ρ — ^π through the ab initio 
values of the coefficients for different p. The fit contains only even or 
only odd powers depending on whether λ + μ is even or odd. The matrix 
elements can then be evaluated as follows: 
{ ν | vXfl(R, Ρ)\ν') = Σ cnß(R) ( "Ι (Ρ - И " I ^ ) - (14) 
n=0 
where the с*м(і2) are the polynomial expansion coefficients. The above 
relationship between the values of e and ν is used to insert the correct 
{y,v') combination into Eq. (13). 
According to Ref. [12] the ab initio potential has to be scaled to give 
good agreement with spectroscopic data for the bound Аг-ГШз complex. 
This scaling consists of multiplying the short range parameter F33 in 
Eq. (9a) by a factor of 1.43. Here, calculations have been performed using 
both the original 06 initio potential and a modified potential in which 
the same scaling was applied for all values of the inversion coordinate p. 
In addition to the calculation with the inversion averaged matrix ele­
ments in the way we have just described (henceforth referred to as the 'ex­
act' inversion method), we have used the model developed by Davis and 
Boggs [2] and Green [3]. In this model the inversion functions are taken 
to be delta functions: | ± ) = [δ(ρ — p
e
) ± δ(ρ — π + p
e
)] /л/2, where p
e 
is the value of the inversion coordinate in the equilibrium configuration. 
In this case the intermolecular potential needs to be known only for the 
equilibrium angle, since the expansion coefficients, averaged over the in­
version functions, are now given by [2,3] 
г>А/і(Я, Pe) , for λ + μ even 
О , for λ + μ odd 
(15) 
Γ 0 , for λ + μ even 
< ± K „ ( * , P ) | T ) = ' / 
[v\ß(R,pe) , for λ + μ odd . 
(±\vXli(R,p)\±) = 
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Using this model for the inversion functions, together with the neglect of 
the inversion splitting, the scattering equations for para NH3 are invariant 
to a simultaneous change of parity in the incoming and outgoing channels, 
i.e. 
In the CS method [7] the scattering equations are expressed in a 
body-fixed coordinate system. The third term in the Van der Waals 
Hamiltonian, Eq. (5), is approximated by putting 12 (= J2 +j2 — 2j • J) 
equal to J 2 . This implies that the Coriolis interactions are neglected and 
that Ω, the projection of both j and J on the vector R, is a good quantum 
number, i.e. there is no coupling between channels with different Ω. The 
molecular symmetry group of the dimer is thus enlarged from РІ(Озь) 
to the semi-direct product of Coo with РЦОз^). 
3. Computational aspects 
The calculations were carried out with the HIBRIDON inelastic scatter­
ing code [13]. The total collision energy E, the maximum value of the 
total angular momentum J and the values of j and к at which the rota­
tional basis set is truncated, are input parameters of the program. The 
values for I are then given by triangular inequalities, cf. Eq. (12). The 
program has the possibility of further reducing the size of the basis set 
as the overall rotation takes up more and more of the available energy. 
So, from a chosen value of J onwards, the program includes only open 
channels. To keep the calculations feasible even at higher energies, an 
interpolation scheme for the total cross sections as a function of J can 
be used, leading to a substantial reduction of the required CPU time. 
The values of the total energies are determined by the two relative 
kinetic energies attained in the experiment, 280 c m - 1 and 485 c m - 1 . 
The ortho NH3 with initial state j = к = 0 has zero internal energy, so 
the total energies are equal to the relative kinetic energies. The initial 
j = к = 1 state oî para NH3, which is the ground state of this species, has 
an internal energy of 16.245 cm - 1 . The total energies are consequently 
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Table 2 
Effect of the maximum (j, k) values in the basis set on the cross 
sections CT(0Q" —> jj¡) (in A ) for ortho РШз-Аг at an energy of 485 
c m
- 1
 ('exact' inversion, ab initio potential). 
3l (9,9) 
It 7.92 
2 j 10.10 
3t 3.94 
At 0.46 
5 j 0.13 
6+ 0.07 
3t 132 
3J 11.70 
4J 2.52 
(10,9) (11,9) 
7.43 7.42 
10.50 10.47 
3.84 3.87 
0.52 0.54 
0.13 0.13 
0.07 0.07 
1.25 1.25 
11.96 11.98 
2.27 2.26 
RS/6000 model 320 CPU time / 
parity block: (9,9) : 24h / 219 
10,9) : 53h / 292 
11,9) : 122h / 372 
Ά 
4Í 
5Î 
5J 
63" 
63+ 
6e 
66+ 
η 
7β 
maximum 
(9,9) 
0.65 
0.10 
0.63 
0.06 
0.01 
0.04 
0.41 
0.11 
0.01 
(10,9) 
0.72 
0.10 
0.60 
0.07 
0.02 
0.04 
0.42 
0.13 
0.01 
(11,9) 
0.72 
0.10 
0.61 
0.07 
0.02 
0.04 
0.42 
0.13 
0.01 
number of channels per 
set equal to 296.245 c m - 1 and 501.245 c m - 1 . The molecular levels in 
the basis set are retained up to j = 9 inclusive, with all allowed values 
of k. This means that for ortho NH3 34 levels are included (with a 
maximum energy of 895 c m - 1 ) , 11 of which are asymptotically accessible 
in the lower, and 19 in the higher energy case. Out of the 66 levels for 
para NH3 (with a maximum energy of 891 c m - 1 ) , 24 and 40 levels are 
accessible, respectively. The J value at which we start to neglect closed 
channels is 78. The interpolation step size Δ J is taken to be six, so that 
calculations are actually performed for J = 0,6,12,..., 150. As explained 
in Section 2, the NH3 inversion is taken into account by calculation of 
the matrix elements according to the 'exact' inversion method, given in 
Eq. (14), or according to the delta function model, given in Eq. (15). 
Convergence with respect to relevant parameters in the propagator, 
such as the step size AR, was better than 1%. Table 2 shows the de­
pendence of the cross sections on the magnitude of the rotational basis 
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Table 3 
Effect of the interpolation step size AJ on the cross sections 
σ(Οο -> Jl) (in Â ) for ortho NH3-Ar at an energy of 280 c m - 1 
(delta function model inversion, ab initio potential). 
Л 
lo+ 
2o+ 
3o+ 
4o+ 
Зз
+ 
33~ 
4J 
4з+ 
4 
53-
AJ = 1 
10.83 
9.02 
4.43 
0.42 
1.64 
9.26 
3.21 
0.25 
0.06 
0.34 
AJ = 4 
10.93 
9.00 
4.32 
0.40 
1.63 
9.25 
3.33 
0.22 
0.05 
0.36 
AJ = 6 
11.35 
8.74 
4.34 
0.39 
1.62 
9.33 
3.25 
0.25 
0.05 
0.36 
AJ = 8 
9.06 
9.63 
4.29 
0.38 
1.59 
8.42 
3.34 
0.24 
0.05 
0.34 
set. Going from a maximum j value of 9 to a maximum value of 11 in 
the rotational basis set, induced changes in the cross sections of about 
6%. The neglect of closed channels for J > 78 did not affect the results. 
The effect of interpolation step size Δ J on the cross sections is shown in 
Table 3. The error due to the step size used here is found to be smaller 
than 5%. 
The results of the convergence calculations given in Tables 2 and 3 
were obtained with a potential that we originally used in our calculations. 
This potential proved to be incorrect, that is, the spherical expansion co­
efficients were too large by a factor of 2 for μ not equal to zero (cf. 
the erratum in J. Chem. Phys. 100 5393 (1994)). As a consequence, the 
cross sections in Tables 2 and 3 are different from the corresponding cross 
sections in Tables 4 and 5 given below. We have not repeated the con­
vergence calculations using the correct potential, because our conclusions 
will hold a fortiori for a potential that is less anisotropic. 
Since the averaging of the rotational constants over the inversion wave 
functions has a small effect (cf. Table 1), we have taken the same value for 
both inversion states [14]: В = 9.9402 c m - 1 and С = 6.3044 c m - 1 . The 
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maximum number of channels used in the calculation was 219 per parity 
block for ortho NH3, taking about 24 CPU hours for a full calculation, 
and 441 per parity block for para NH3, taking about 241 CPU hours on 
an IBM RS/6000 model 320 workstation. 
Our test of the CS approximation is also based on the erroneous 
potential that was originally used, causing the second columns of Tables 2 
and 7 to be identical. As in the case of the convergence calculations, 
we have not repeated the CS calculations, since we do not expect that 
the conclusions concerning the validity of the CS approximation will be 
affected. 
In the CS calculation we used only the 'exact' inversion method. The 
value of Ω ranged from 0 to 7 for ortho and from 0 to 8 for para; the 
maximum j value in the rotational basis set was 9 and J was varied from 
0 to 150 at an energy of 485 c m - 1 and 501.245 c m - 1 , respectively. The 
interpolation step size AJ was six as well. The ortho calculation took 
45 minutes on the same workstation, with a maximum of 34 channels 
per Ω-block, the para calculation took 4 hours with a maximum of 66 
channels per Ω-block. 
4. Results and discussion 
The results of the calculations reported here are compared with the 
results of a crossed molecular beam experiment, which is described in 
Ref. [15]. Differences in population of a specific rotation-inversion state 
\ i) = Л before and after the collision are measured. The signal is 
proportional to 
AnU) = Σ { п( г>(* -» J) - n(J)aÜ -> i)} . (17) 
where n(j) stands for the initial population of state j and An(j) for the 
collision induced change in that population. For the experiment to yield 
pure state-to-state cross sections, only a single state must be initially 
populated. This requirement, however, cannot be completely met. For 
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Table 4 
State-to state cross sections CT(0Q* —> j^) for ortho ΝΗ3-ΑΓ in Â at an energy of 
280 c m - 1 The cross sections given in parentheses are corrected for the incomplete 
initial state preparation in the measurement, as follows (cf Eq (17)) 
σ(-). 1¿) = 0 92 σ(0+ -+ 1+) - 0 08 ^ i j * ( l f "+ 0 , 
<?(-> 3k) = 0 92 σ(0+ -> ji) + 0 08 <r(l+ -• j j ) , forj£ φ 1+ 
A dash (-) in the last column indicates that the corresponding cross section has 
not been measured 
JI VI Ц Щ V¡V experiment 
ιί 
2o+ 
3Í 
4Í 
3Í 
33-
4J 
4з+ 
5з+ 
Ч 
22 34 
4 57 
2 09 
0 28 
0 57 
5 23 
197 
0 15 
0 05 
0 21 
17 04) 
5 37) 
198) 
0 37) 
103) 
5 50) 
, 196) 
, 0 30) 
, 0 06) 
; ого) 
9 61 ( 6 24) 
9 50 ( 9 52) 
3 45 ( 3 46) 
0 36 ( 0 51) 
118 ( 1 66) 
7 00 ( 6 70) 
0 70 ( 0 71) 
0 19 ( 0 29) 
0 07 ( 0 08) 
0 12 ( 0 15) 
22 59 
5 01 
2 11 
0 26 
0 58 
5 48 
187 
0 14 
0 05 
0 17 
17 31) 
5 75) 
2 00) 
0 35) 
106) 
5 72) 
184) 
' 0 30) 
0 06) 
0 17) 
9 14 ( 5 83) 
9 65 ( 9 63) 
3 21 ( 3 26) 
0 33 ( 0 47) 
1 18 ( 1 67) 
6 78 ( 6 50) 
0 80 ( 0 81) 
0 17 ( 0 26) 
0 08 ( 0 09) 
0 10 ( 0 14) 
4 51 
5 01 
163 
0 36 
2 56 
9 10 
4 29 
0 97 
-
-
Vi delta function model inversion, ab initio potential 
ц delta function model inversion, scaled potential 
ці 'exact' inversion, ab initio potential 
Viv 'exact' inversion, scaled potential 
ortho NH3 the initial state consists of 92% 0 j and 8% 1 ¡J" and for para 
NH3 of 95% 1J" and 5% l^". The state-to-state cross sections obtained 
from the calculations therefore have to be put into Eq. (17), in order to 
enable comparison with the observed quantities. 
Only relative values for the cross sections can be derived from the 
experiment. To facilitate comparison, the sum of the experimental cross 
sections is set equal to the sum of the cross sections calculated with 
the scaled ab initio potential and the 'exact' inversion method, with 
the results that are corrected for the imperfect initial state preparation. 
The sum contains all cross sections that are actually measured. The 
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Table 5 
State-to state cross sections σ(0^" —> Д ) for θ7·£/ιο NHs-Ar in Â at an energy of 485 
c m - 1 . The corrected cross sections given in parentheses are obtained as indicated 
in Table 4. A dash (—) in the last column indicates that the corresponding cross 
section has not been measured. 
j£ V¡ ц УЦІ V¡V experiment 
lo+ 
η 
3+ 
4o+ 
5o+ 
6o+ 
3+ 
°3 
33" 
4J 
4+ 
* 3 5+ 
°3 
δί 
6з" 
6Î 
6б 
66
+ 
п 
7б 
16.55 
2.48 
3.51 
0.61 
0.60 
0.09 
0.45 
6.64 
4.08 
0.31 
0.03 
0.85 
0.01 
0.00 
0.05 
0.45 
0.06 
0.00 
11.93) 
3.27) 
3.28) 
0.73) 
0.60) 
0.09) 
0.95) 
6.61) 
3.97) 
0.50) 
0.07) 
0.80) 
0.02) 
0.00) 
0.07) 
0.43) 
0.06) 
0.01) 
8.39 (4.94) 
9.65 (9.47) 
5.56 (5.39) 
0.24 (0.44) 
0.35 (0.36) 
0.05 (0.05) 
1.25 (1.88) 
8.62 (8.12) 
1.24 (1.24) 
0.42 (0.56) 
0.13 (0.14) 
0.31 (0.39) 
0.07 (0.08) 
0.01 (0.01) 
0.02 (0.04) 
0.38 (0.40) 
0.09 (0.10) 
0.00 (0.00) 
16.75 
2.93 
3.41 
0.64 
0.63 
0.08 
0.49 
6.81 
3.89 
0.33 
0.04 
0.72 
0.02 
0.00 
0.05 
0.45 
0.06 
0.00 
12.13) 
3.67) 
3.19) 
0.77) 
0.62) 
0.07) 
1.01) 
6.76) 
3.77) 
0.52) 
0.07) 
0.68) 
0.03) 
0.00) 
0.06) 
0.43) 
' 0.06) 
0.01) 
8.08 (4.67) 
10.02 (9.79) 
5.10 (4.98) 
0.21 (0.41) 
0.33 (0.33) 
0.04 (0.04) 
1.23 (1.88) 
8.64 (8.14) 
1.33 (1.33) 
0.43 (0.57) 
0.13 (0.14) 
0.33 (0.42) 
0.07 (0.08) 
0.01 (0.01) 
0.02 (0.04) 
0.41 (0.43) 
0.09 (0.09) 
0.00 (0.00) 
3.56 
4.70 
1.95 
1.42 
-
0.83 
1.38 
11.72 
4.03 
2.22 
-
-
-
-
-
-
-
-
V¡ : delta function model inversion, ab initio potential 
V¡¡ : delta function model inversion, scaled potential 
Via : 'exact' inversion, oft initio potential 
V¡v : 'exact' inversion, scaled potential 
experimental results thus acquired are given in Tables 4, 5 and 6 and 
Figs. 2 and 3, together with the corresponding theoretical values obtained 
from the CC calculations. The results for ortho NH3 are given both for 
the delta function model and for the 'exact' inversion treatment. The 
experimental error is estimated between 10% and 20%. 
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ortho NH3-Ar, 2Θ0 c m ortbo NH3-Ar, 485 c m 
0 92 σ( oj -> ¿ ) + 0 OB <j( l j - ¿) in k" 0 92 σ( 0„" - jj ) + 0 OB σ( 1¡ - j£ ) in X2 
10 
10 
η 
fi 
ι; 
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experiment 
fi 
»
 4
з
 5 3 
ab initio potential 
'exact' inversion 
Î 4 3 5 3 
scaled polential 
'exact' inversion 
Π 
. + 
l0 
1Í 
Π π i-i г 
2
o
 3
o
 4
o
 5
o
 6
o
 3 
2 0 3 0 4 0 5„ β„ 3 
_ _ Г 
experiment 
fb 
э 4Î 53 6¡ 
ab initio potential 
'exact' inversion 
а
 4
з
 + 5
э "
6
β 
scaled potential 
'exact' inversion 
10 
10 
10 
lo 2„ 3 0 4 0 ID 2„ 3 0 4„ 50 6n 
final s t a t e s (j^) final s t a t e s (j£) 
Fig. 2 Experimental and theoretical cross sections for ortho NH3 at a relative 
kinetic energy of 280 c m - 1 (left) and 485 c m - 1 (right) in Â2. The theoretical 
values are given in parentheses in Tables 4 and 5, respectively. For the 1J state 
we have used the expression given in Table 4. 
Both for ortho and para NH3 the scaling in the potential has a large 
effect. In the case of ortho NH3 this effect is about the same for the 
various cross sections at both energies. Especially transitions to 1Q , 2Q" , 
and 4 J are strongly affected. Use of the delta function model for inversion 
does not affect the influence of the scaling. For para NH3 the scaling in 
the potential induces large changes in the relative magnitudes of the +/— 
inversion states for transitions to 2χ, Зі, З2, and 4г-
Comparison with the experiment shows that the calculations using the 
scaled potential give a better overall agreement than calculations using 
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Table 6 
State-to-state cross sections <x(lj~ -> j%) for para ΝΗ3-ΑΓ in Â . The relative kinetic 
energies are as indicated. The cross sections given in parentheses are corrected for the 
incomplete initial state preparation in the measurement, as follows (cf. Eq. (17)): 
» И Я) = 0-95 σ(1Γ -» 3l) + 0.05 σ(1+ -+ Ц) . 
A dash (—) in the last column indicates that the corresponding cross section has not 
been measured. 
3k 
280 cm" 485 спГ 
V7i exp 
Я 
Vni Vrv 
Vju : 'exact' inversion, ab initio potential 
Vrv : 'exact' inversion, scaled potential 
exp 
2Г 
2f 
3f 
ЗГ 
4Г 
4f 
2Ϊ 
2+ 
ú 2 
з2" 
42" 
4Í 
5+ 
52" 
44" 
44+ 
54+ 
54" 
55+ 
55" 
8.41 
2.09 
1.12 
0.32 
0.42 
0.07 
0.58 
10.32 
6.73 
1.22 
0.57 
1.09 
0.03 
0.05 
0.28 
0.52 
0.24 
0.06 
0.19 
0.36 
; 8.09) 
I 2.40) 
' 1.08) 
0.36) 
0.41) 
0.08) 
1.07) 
9.83) 
6.46) 
1.50") 
0.59) 
1.06) 
0.03) 
0.05) 
0.29) 
0.50) 
0.23) 
0.07) 
0.20) 
0.35) 
4.71 
7.02 
1.82 
2.19 
0.63 
0.09 
0.96 
11.97 
3.01 
2.03 
0.60 
0.35 
0.12 
0.01 
0.74 
0.91 
0.33 
0.10 
0.20 
0.21 
[ 4.83) 
' 6.91) 
, 1.84) 
, 2.17) 
0.60) 
0.12) 
' 1.51) 
11.42) 
2.96) 
2.08) 
0.58) 
0.36) 
0.11) 
0.02) 
0.75) 
0.90) 
0.32) 
0.11) 
0.20) 
0.21) 
4.51 
6.06 
0.85 
1.30 
-
-
1.14 
12.40 
3.10 
2.45 
0.93 
-
-
-
0.77 
2.33 
0.43 
-
-
-
2Г 
η 
3Î 
3Γ 
4Γ 
4Í" 
2J 
2+ 
4+ ä1 
32" 
42-
4Í 
5+ 
52-
44-
44+ 
54+ 
5J 
4 
4 
7.63 
1.35 
1.70 
0.45 
0.72 
0.18 
0.37 
8.00 
5.58 
1.08 
0.98 
1.36 
0.13 
0.20 
0.59 
0.76 
0.35 
0.17 
0.31 
0.46 
[ 7.31, 
[ 1-67] 
; 1.64] 
0.51] 
; 0.70) 
0.20) 
0.75) 
7.62) 
5.35) 
1.30) 
0.99) 
1.34) 
, 0.13) 
0.20) 
0.60) 
k 0.75) 
0.34) 
' 0.18) 
0.32) 
, 0.45) 
4.05 
6.30 
2.11 
2.25 
1.04 
0.16 
0.64 
9.33 
2.37 
1.82 
1.16 
0.33 
0.53 
0.05 
0.54 
1.27 
0.45 
0.21 
0.44 
0.51 
; 4.16) 
6.18) 
2.11) 
2.24) 
0.99) 
0.20) 
1.07) 
8.90) 
2.34) 
1.85) 
1.12) 
0.37) 
0.50) 
0.07) 
0.58) 
1.24) 
0.43) 
0.22) 
0.45) 
0.50) 
5.26 
3.59 
1.30 
1.31 
-
-
1.43 
7.36 
4.07 
1.87 
1.14 
-
-
-
1.18 
2.01 
1.20 
0.72 
-
-
the original ab initio potential, especially for para NH3-A1·. However, 
particularly the cross sections to 2Q and to 43, for both energies, and 
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para NH3-A1-, 380 cm para NH3-Ar, 4Θ5 cm 
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10 
-
-
-
гП Г 
at *3, 4t 2 
1 ru „ г 
m . г 
experiment 
ill η л -
г 
3 2 4 2 5 2 4 4 54 5 6 
ab initio potential 
'exact' inversion 
ζ Э
г
 4
Ζ
 5
г
 4 4 5 4 5 5 
scaled potential 
'exact' inversion 
Ι Π η- m „ _ 
m г 
experiment 
Ί π HI π-, 
aï з, 4; г 
U П_ Г 
г 
З
г
 4
г
 ' 5
г
 4 4
 т 5 4
 т 5 , 
ab initio potential 
'exact' inversion 
"1 гП r-π ^- rt-i 
г; з, 4; г г З
г
 4
г
 5 2 4 4 5 4 5 5 
scaled potential 
η 'exact' inversion 
Ι Π r u m г-ГІ ^ rr, 
- 10 
n - r-l-l 0 
4, 2 2 3 2 4B 5 2 4 4 S4 5 5 2, 3, 4, 2 a 3 2 4 г 5S 4 4 
final states (j£) final states (j£) 
Fig. 3 Experimental and theoretical cross sections for para NH3 at a relative 
kinetic energy of 280 c m - 1 (left) and 485 c m - 1 (right) in Â2. The theoretical 
values are given in parentheses in Table 6. 
to 2^ and З2" in the higher energy case, demonstrate that the applied 
scaling is too crude to obtain a fully realistic potential surface. 
It has been debated whether it is necessary to include higher anisotro­
pic terms, such as а г;зз term, in the description of the intermolecular 
potential, since the observed far-infrared ΑΓ-ΝΗ3 spectrum could also 
be explained with an effective angular potential that contains only terms 
up to U20 [16]. When we look at the results of the scattering calculations, 
we observe, for example, that in the case of ortho NH3 the experimen­
tal cross sections <T(0Q" —» 3 3 ) are reproduced fairly well. In the first 
Born approximation these transitions are solely due to the v^z term in 
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Table 7 
Results of CC and CS calculations ('exact' inversion, 06 initio potential, without 
correction for initial state preparation, at a relative kinetic energy of 485 cm - 1 ) 
and experimental results. The cross sections are in À2. A dash (-) in the last 
column indicates that the corresponding cross section has not been measured. 
it 
lo+ 
2o+ 
1+ 
4o+ 
5o+ 
6Í 
3+ 
З3 
43-
4з+ 
5з+ 
5з~ 
6з" 
6з+ 
бе 
66
+ 
п 
7б 
ortho 
CC 
7.92 
10.10 
3.94 
0.46 
0.13 
0.07 
1.32 
11.70 
2.52 
0.65 
0.10 
0.63 
0.06 
0.01 
0.04 
0.41 
0.11 
0.01 
NHs-Ar 
CS 
9.24 
8.17 
5.17 
0.71 
0.13 
0.08 
0 
8.71 
3.23 
0 
0 
0.61 
0.06 
0 
0 
0.39 
0.12 
0 
exp 
4.33 
5.72 
2.38 
1.73 
-
1.01 
1.68 
14.23 
4.90 
2.70 
-
-
-
-
-
-
-
-
Я 
2Г 
2t 
3f 
ЗГ 
4Г 
4Ï-
22-
22+ 
3+ 
°2 
З2" 
42" 
4+ 
4Г 
44
+ 
54
+ 
54 
D 5 
55" 
para 
CC 
3.62 
4.39 
1.65 
3.24 
1.10 
0.27 
0.62 
10.52 
1.96 
3.94 
0.79 
0.71 
0.56 
1.72 
0.44 
0.49 
0.40 
0.94 
NHa-Ar 
CS 
3.30 
3.39 
1.31 
3.35 
0.91 
0.28 
0.37 
12.16 
2.26 
4.93 
0.44 
0.54 
0.62 
1.08 
0.41 
0.58 
0.23 
0.99 
exp 
5.51 
3.76 
1.35 
1.37 
-
-
1.50 
7.70 
4.26 
1.95 
1.19 
-
1.24 
2.11 
1.25 
0.75 
-
-
the potential. It seems unlikely that the agreement between experiment 
and theory could be maintained if this important first order contribution 
were zero, as it would be when 1)33 would vanish. 
Inspection of the influence of the scaling in ^33 on the cross sections 
of ortho NH3 shows that not only Aj = Ak = 3 transitions are af­
fected, but other transitions as well. This would not be so in the first 
Born approximation. It means that the contributions from higher Born 
approximations are significant. The importance of higher order effects 
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in the interaction between Ar and NH3 is confirmed by calculations on 
bound states. Although the 1)33 term does not contribute to the lower 
bound states in a first order perturbation theory, which has the isotropic 
Hamiltonian as its zeroth order Hamiltonian, it proves to be one of the 
dominant terms in determining the rovibrational energy levels of the 
Ar-NH3 complex [12]. 
At the energies used here, application of the delta function model 
for the inversion of NH3 has only a small effect on the cross sections, 
as compared to the 'exact' calculations, in the order of 3%. The parity 
propensities, which are defined as the ratios between the difference and 
the sum of the cross sections to the +/— inversion states [15], are hardly 
affected. The suggestion that deviations of theoretical propensities from 
experimental ones in He-NH3 can be accounted for by taking the in­
version motion explicitly into account [4,5] is hereby contradicted to all 
likelihood. 
Our calculations show further that the invariance to a simultaneous 
change of parity in the incoming and outgoing channels (cf. Eq. (16)) 
for para NH3 holds to an accuracy of about 0.2% when the inversion is 
included in the potential matrix elements, but the inversion splitting of 
0.8 c m - 1 is neglected. When this splitting is included also, the deviations 
are of the order of 3%. Billing [17] has found in Не-ГШз calculations at 
an energy of 65 meV (525 c m - 1 ) , using a semiclassical approach, that the 
invariance is obeyed to within 5% when the splitting of the inversion dou­
blet is taken into account. The effect of including the tunneling splitting 
on the invariance is therefore larger than the effect of the 'exact' calcu­
lation of potential matrix elements over the inversion wave functions. 
The limited influence of the delta function model for inversion seems 
surprising at first sight, because the wave functions in Fig. 1 do not 
resemble delta functions. It means, however, as is noted by Davis and 
Boggs [2], that the ν\μ(ΙΙ,ρ) are functions of ρ that vary slowly enough 
for the delta function approach to be valid. 
Application of the CS approximation gives a reasonable agreement for 
para NH3 (Table 7). For ortho NH3, however, there are strong deviations, 
both from the CC method and from experiment. The CS calculation gives 
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zero cross sections to the З3 and 4g states, whereas both experimental 
and CC cross sections to these states are different from zero. This means 
that these transitions are caused by the Coriolis terms in the Hamilto-
nian. Even though these terms are small, their long range apparently 
gives rise to significant transition probabilities. 
In calculations on He-NH3 scattering at an energy of 98 meV (792 
c m
- 1 ) using the CS method Meyer et al. have found the cross sections 
to the З3" and 4з" states to be exactly zero and the cross section to the 
2J state to be extremely small [3]. The fact that the З3" and 4g" cross 
sections are zero is an artifact of the CS method. The smallness of the 
2^ cross section, however, cannot be attributed to this method. 
5. Conclusions 
We have calculated Close Coupling state-to-state cross sections for the 
inelastic scattering of NH3 with Ar at two different collision energies and 
compared them with experimentally derived cross sections. The inversion 
motion of NH3 has been taken into account explicitly. Comparison with 
calculations that use a delta function model description of the inversion 
motion, shows that this model leads to errors of 3% only, at the energies 
used here. Previously found [4,5] deviations from experimentally deter­
mined parity propensities for ГШз-Не, cannot be attributed to use of 
the delta function model. It is more likely that these discrepancies arise 
from shortcomings of the intermolecular potential used for that system. 
In calculations on bound states of ΑΓ-ΝΗ3, the use of a potential in 
which a single term in the angular expansion of the ab initio potential of 
Ref. [1] was scaled by a factor of 1.43, gave better agreement with spec­
troscopic data than the use of the original ab initio potential. This scaled 
potential gives better agreement with experiment in the present scatter­
ing calculations as well, even though scattering and bound states probe 
different regions of the intermolecular potential surface. Both for ortho 
NH3 and para NH3 the calculated scaled cross sections reproduce the ex­
perimental ones fairly well. However, comparison with experiment also 
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demonstrates that the scaled potential still needs further improvement. 
Comparison of the results for the two potentials shows further that 
the cross sections are very sensitive to variations in the potential surface. 
The changes in the cross sections for transitions to the various rotation-
inversion states induced by the scaling, show also that higher order effects 
play a role in the scattering process, just as they do in bound state 
interactions. 
Application of the Coupled States approximation leads to artificial 
selection rules for the cross sections from the OQ" state. Some of the cross 
sections, which should vanish according to these rules, are not even small, 
in the CC calculations, nor in the experiment. Consequently, the overall 
agreement with Close Coupling results is poor for ortho NH3, reasonable 
for para NH3. 
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1. Introduction 
The quality of an intermolecular potential energy surface can be assessed 
by comparing the experimentally determined spectrum of the dimer— 
a bound Van der Waals complex—with a theoretical spectrum, which 
is computed from the given potential. Since it is currently possible to 
obtain accurate state-to-state total and differential cross sections, both 
experimentally and computationally, one can use scattering data as a 
further test of the potential surface. The latter approach is comple-
mentary to the former, as scattering states and bound states probe the 
intermolecular potential surface in different regions. 
In this chapter we investigate to what extent an empirical potential 
that is principally derived from bound states information (far-infrared 
vibration-rotation-tunneling spectra), is capable of reproducing scatter-
ing data. This constitutes a stringent test of such a potential. To this 
end we performed close coupling calculations to describe collisions of 
NH3 with Ar, making use of a potential that was determined from a 
parametrized model potential by optimizing the parameters in a fit of 
the spectrum [1]. We computed state-to-state total cross sections for col-
lision induced transitions between rotation-inversion (jf) states of NH3 
and compare these with experimental values [2]. 
In Chapter 1 [3], we performed identical calculations using the ab 
initio potential described in Ref. [4] and a second potential, in which the 
original ab initio potential contains one scaling parameter that was chosen 
to improve the agreement with the spectroscopic data [5]. This second 
potential proved to give better agreement with the measured scattering 
data as well. We will also compare the cross sections obtained from 
this scaled ab initio potential with those obtained from the empirical 
potential. 
2. Intermolecular potentials 
The empirical and ab initio potential surfaces are described in Refs. [1] 
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and [4], respectively. Ref. [1] also contains a brief comparison of the two 
potentials. Here, we summarize their most important features. 
The 3-dimensional empirical potential surface has been determined 
from a least squares fit to 61 far infrared and microwave vibration-
rotation-tunneling measurements and to temperature dependent second 
virial coefficients. A surface with 13 variable parameters has been opti-
mized to accurately reproduce the spectroscopic observables, using the 
collocation method [6]. This model surface contains long range attrac-
tive forces of induction and dispersion and short range coulombic and 
electron exchange repulsive forces. The long range dispersion coefficients 
were taken from ab initio calculations [4,7], since they cannot be properly 
derived from experiment. The three intermolecular coordinates (R, ϋ,φ) 
were treated without invoking any approximation regarding their sepa­
rability. 
The ab initio potential has been obtained by Heitler-London short 
range calculations and from multipole-expanded dispersion and induc­
tion long range contributions. A Tang-Toennies-like damping was ap­
plied to the long range energy. These calculations were made for four 
different values of the NH3 umbrella angle p, which is defined as the 
angle between the C3 axis and one of the Ν Η bonds. Each surface is 
given in the form of an expansion in spherical harmonics through I = 7. 
The scaling consists in multiplying a short range parameter in one of the 
expansion coefficients, изз(Д), by a factor of 1.43, for all values of the 
inversion coordinate p, which appeared to improve the agreement with 
the spectrum considerably [5]. 
The ab initio potential is expressed with respect to a body fixed coor­
dinate frame in which the ζ axis coincides with the C3 axis of ammonia, 
with the nitrogen atom being on the positive ζ axis. The frame origin 
is in the center of mass of NH3 and one hydrogen nucleus is put into 
the x-z plane, with positive x. The position vector R of the Ar atom is 
given by its usual spherical polar coordinates (R, Θ,Φ). The empirical 
potential is expressed in a slightly different frame, in that the nitrogen 
atom is put on the negative ζ axis. This means that we have to apply the 
transformation Θ = π — ϋ and Φ — φ, in order to express both potentials 
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in the same coordinate system. 
Another important difference between the two potentials is that the 
06 initio potential depends on p, enabling us to take the inversion coor­
dinate explicitly into account in the scattering calculations, whereas the 
empirical potential does not. This implies that for this potential we have 
to apply the delta function model to treat the NH3 inversion motion. It 
has been shown [3], however, that this has only a small effect—in the 
order of 3%— on the cross sections as compared to calculations that do 
take the inversion coordinate explicitly into account. It therefore does 
not impede a meaningful comparison. 
3. Computational aspects 
The close coupling calculations were carried out with the HIBRIDON 
inelastic scattering code [8]. A detailed discussion of the parameters 
used in the calculations, and their settings, can be found in Ref. [3]. 
Again, we restrict ourselves to giving only the essentials. 
The values of the total energies are determined by the two experimen­
tal relative kinetic energies: 280 c m - 1 and 485 c m - 1 . The ortho NH3 
with initial state j = к = 0 has zero internal energy, so the total energies 
are equal to the relative kinetic energies. The initial j = к = 1 state 
of para NH3, which is the ground state of this species, has an internal 
energy of 16.245 c m - 1 . The total energies are consequently set equal to 
296.245 c m - 1 and 501.245 c m - 1 . The molecular levels in the angular 
basis set are retained up to j = 9 inclusive, with all allowed values of 
k. This means that for ortho NH3 34 levels are included (with a max­
imum energy of 895 c m - 1 ) 11 of which are asymptotically accessible in 
the lower, and 19 in the higher energy case. Out of the 66 levels for 
para NH3 (with a maximum energy of 891 c m - 1 ) 24 and 40 levels are 
accessible, respectively. Since the averaging of the rotational constants 
over the umbrella inversion wave functions has a small effect [9], we have 
taken the same value for both inversion states [10]: В = 9.9402 c m - 1 
and С = 6.3044 c m - 1 . 
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The calculations took about 9 hours for ortho ΝΗ3-ΑΓ and about 91 
hours for para NH3-Ar on an IBM RS/6000 model 370 workstation. 
4. Results and discussion 
The results of the calculations reported here are compared with the re­
sults of a crossed molecular beam experiment described in Ref. [2]. Only 
differences in population of a specific rotation-inversion state \i) = jf. 
before and after the collision are measured. The signal is proportional to 
An{i) = Σ [n(j>Ü -»"Ο- η{ι)σ{ι -> j)] , (1) 
where п(і) stands for the initial population of state i and Δη(ζ) for the 
collision induced change in that population. If the experiment is to yield 
pure state-to-state cross sections σ(ι —>• j), only a single state i must 
be initially populated. This requirement, however, cannot be completely 
met. For ortho NH3 the initial state consists of 92% 0Q and 8% l j and 
for para NH3 of 95% 1]" and 5% l* . The state-to-state cross sections 
obtained from the calculations therefore must be put into Eq. (1) in order 
to enable comparison with the observed quantities. The contributions 
from the l j state of the ortho species and the if state of the para species 
are taken from the same computations (with the same total energy) as 
the cross sections from the mainly populated initial states. The internal 
energies of the lj~ and if para states are almost equal, but the ljj" state 
is higher by 19.88 c m - 1 than the ground state of the ortho species. Still, 
the assumption that the corrections can be computed for the same total 
energies as the main contributions is justified, since the cross sections are 
just weakly dependent on energy. 
Only relative values for the cross sections can be derived from the 
experiment. To facilitate comparison, the sum of the experimental cross 
sections over all states is set equal to the sum of the calculated cross 
sections, corrected for the imperfect initial state preparation. The sum 
contains only cross sections for excitations to levels j \ that are exper­
imentally observed. In order to get a single parameter as a measure 
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for the overall agreement between the calculated and experimental cross 
sections, we define the error Q in the following way: 
1/2 
• 100% , (2) 
where cr
ca
\Ctl are the (corrected) calculated cross sections, σθ χ Ρ ) 1 are the 
experimental cross sections, and the summation runs over all measured 
states belonging to one energy and one species (i.e. ortho or para). Note 
that these Q values measure the absolute errors in the cross sections, 
rather than the relative errors; the latter are dominated by a few of the 
very small values. In Tables I and II we have listed both the pure state-to-
state cross sections and those that are corrected for the imperfect initial 
state preparation, together with the experimental cross sections and the 
Q values. The Q values for the cross sections obtained from the scaled 
ab initio potential, calculated from Ref. [3], are given for comparison. 
The experimental error in the individual cross sections is estimated to lie 
between 10% for the larger values and 20% for the smallest ones. 
For ortho NH3 the cross sections for excitation to the к — 0 states are 
predicted better by the empirical potential for both energies; especially 
the probability of transitions to 2g , which is overestimated by a factor 
of two by the ab initio potential, comes out very well. As for transitions 
to states with к = 3, the empirical potential overestimates cross sections 
to states with e = — and underestimates them to states with e = +. 
The ab initio potential tends to underestimate all these cross sections, 
irrespective of the value of e. The overall impression for ortho NH3 is 
therefore that the empirical potential performs better, for both energies. 
This is reflected in the values of the errors Q. 
Whereas for ortho NH3 a comparison of the cross sections for the 
two potentials is hardly affected by the total collision energy, for para 
NH3 it has a large influence. In the lower energy case the scaled ab 
initio potential is in very good agreement with the experimental data, 
giving the correct relative magnitude for transitions to the ± inversion 
states in all cases. The empirical potential does not predict this relative 
Q = 
2-it exp.t 
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Table 1 
State-to state cross sections σ(0^ —• j£) for ortho NHa-Ar in Â obtained from 
the empirical potential. The relative kinetic energies are as indicated. The 
cross sections given in parentheses are corrected for the imperfect initial state 
preparation. 
280 c m - 1 485 c m - 1 
j'£ calculated experiment calculated experiment 
lo+ 
2o+ 
3o+ 
4f 
5o+ 
6o+ 
3+ 
33" 
4 
43+ 
°3 
53" 
63" 
6? 
66~ 
tf 
η 
76" 
10.21 ( 5.94) 
4.59 ( 5.28) 
2.14 ( 2.05) 
0.13 ( 0.19) 
-
-
0.22 ( 1.06) 
13.79 (13.24) 
7.19 ( 6.75) 
0.09 ( 0.46) 
0.04 ( 0.06) 
0.30 ( 0.29) 
-
-
-
-
-
-
5.55 
6.16 
2.01 
0.44 
-
-
3.15 
11.19 
5.28 
1.19 
-
-
-
-
-
-
-
-
7.39 ( 
4.17 ( 
3.38 ( 
0.07 ( 
0.20 ( 
0.02 ( 
0.10 ( 
12.46 
8.32 
0.05 
0.00 
1.18 
0.02 
0.00 
0.03 
0.55 
0.13 
0.00 
3.64) 
4.71) 
3.20) 
0.18) 
0.20) 
0.02) 
0.83) 
11.85) 
7.78) 
0.44) 
0.06) 
1.16) 
0.03) 
0.00) 
, 0.07) 
' 0.53) 
к
 0.13) 
; 0.01) 
3.65 
4.82 
2.00 
1.46 
-
0.85 
1.42 
12.03 
4.14 
2.28 
-
-
-
-
-
-
-
-
Q°> 2 3 % 3 1 % 
о) for the cross sections from the scaled aft initio potential [3] these errors are 
54 % and 55 %, respectively. 
magnitude correctly for jk = 2i and 3i. Moreover, the transition to 3^ 
is too large by a factor of two. 
At a relative kinetic energy of 485 c m - 1 the situation is almost ex­
actly the opposite: the empirical potential gives the correct relative mag­
nitudes, whereas the ab initio potential predicts them incorrectly to the 
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Table 2 
State-to state cross sections σ(1^" —• Ц.) for рога NHa-Ar in Â obtained from 
the empirical potential. The relative kinetic energies are as indicated. The 
cross sections given in parentheses are corrected for the imperfect initial state 
preparation. 
280 c m - 1 485 c m - 1 
calculated experiment calculated experiment 
2Г 
П 
3Í 
3Γ 
4Γ 
4І" 
22-
2+ 
ó2 
ч 
42-
4Í 
5+ 
52-
44" 
44+ 
°4 
57 
55+ 
4 
8.13 
4.47 
1.69 
0.76 
0.30 
0.01 
0.07 
12.88 
7.22 
1.12 
0.78 
0.69 
0.04 
0.04 
1.08 
2.24 
0.96 
0.07 
0.08 
0.56 
7.95) 
4.65) 
1.64) 
0.80) 
0.29) 
0.03) 
0.71) 
12.24) 
6.91) 
1.43) 
0.77) 
0.69) 
0.04) 
, 0.04) 
1.14) 
2.18) 
0.92) 
0.12) 
0.10) 
; 0.53) 
5.14 
6.91 
0.97 
1.48 
-
-
1.30 
14.13 
3.53 
2.79 
1.06 
-
-
-
0.88 
2.66 
0.49 
-
-
-
5.99 
3.16 
2.24 
0.69 
0.72 
0.05 
0.03 
9.50 
5.59 
1.10 
1.02 
0.84 
0.09 
0.14 
1.14 
2.39 
1.83 
0.20 
0.06 
0.73 
5.85) 
3.30) 
2.17) 
0.77) 
0.68) 
0.08) 
0.51) 
9.02) 
' 5.36) 
1.32) 
1.01) 
0.85) 
, 0.09) 
; 0.14) 
k 1.21) 
; 2.32) 
, 1.74) 
[ 0.29) 
; o.io) 
[ 0.70) 
5.65 
3.86 
1.40 
1.41 
-
-
1.54 
7.91 
4.37 
2.01 
1.23 
-
-
-
1.27 
2.16 
1.29 
0.77 
-
-
Q °) 32 % 19 % 
a) for the cross sections from the scaled ab initio potential [3] these errors are 
16 % and 36 %, respectively. 
jk = 2\ states. These observations are supported by the values of Q, 
which are almost interchanged. 
Summarizing, we conclude that the cross sections obtained from the 
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empirical potential are generally in better accordance with experiment 
than those obtained from the scaled ab initio potential. Moreover the 
error as defined in Eq. (2), is more constant for the empirical potential, 
about 26% on average. This seems satisfactory, bearing in mind that 
the experimental error in the individual cross sections is estimated to be 
10% to 20%. Apparently, the detailed description of bound states, as 
characterized by the vibration-rotation-tunneling spectra, imposes such 
stringent restrictions on the shape of the empirical potential, that it can 
adequately reproduce scattering data as well. 
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1. Introduction 
Propensity rules emerge in the state resolved studies of rotational exci­
tation and inversion of ammonia by collisions with rare gas atoms and 
molecular hydrogen. These rules, which follow from the theory [1 - 9] 
and are observed in various experiments [1,5], refer to the relative mag­
nitudes of the integral cross sections to the (+) and (—) inversion states 
that belong to the same rotational level jk- Surveys of earlier exper­
imental and theoretical work are given in Refs. [1] and [5]. In recent 
years NH3-Rg and NH3-H2 collisions have been investigated with crossed 
molecular beams [10 - 14]. Contrary to the earlier experiments, crossed 
molecular beam experiments directly yield state-to-state cross sections 
that are inversion-state resolved, both in the initial and the final state. 
The results from these experiments can therefore be immediately com­
pared to the theoretically obtained cross sections. As a consequence, 
crossed molecular beam experiments constitute a stringent test of the 
intermolecular potential surface and of the computational method used. 
In the studies of NH3~He collisions large discrepancies are found be­
tween the experimental and the theoretical propensity rules. In Ref. [11] 
a comparison is made between the relative integral cross sections for 
NH3-He obtained from a crossed beam experiment and those obtained 
from Coupled States (CS) [10] and semi-classical [6] calculations. For 
ortho NH3-He the calculations predict the cross sections from 0Q to З3" 
and 4з" to be zero or almost zero, whereas the corresponding experimen­
tal cross sections are significantly different from zero. For para NH3-He 
the same disagreement exists for the cross section from 1J~ to 2¿". Such 
discrepancies do not show up in the state resolved studies of collisions 
of NH3 with Ar [15,16], where the calculations are based on the Close 
Coupling (CC) method. 
A number of possible causes has been given to account for the dis-
crepancies between the observed and the calculated propensity rules in 
ΝΗβ-Ηβ. The fact that the inversion tunneling had not been taken ex­
plicitly into account in the calculations, but via a delta function model 
[3,4], was proposed as a possible explanation [11,17]. Another reason put 
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forward, was that the earlier calculations [10,6] were semi-classical or 
made use of the CS approximation instead of the more rigorous CC ap­
proach. Further, the available experimental and theoretical cross sections 
were determined at rather different total energies. Although the energy 
dependence of the relative cross sections is small, it was not clear exactly 
how the comparison between theory and experiment was affected [11]. It 
was already concluded, however, that it was unlikely that a further im­
provement of the potential energy surfaces used in the calculations could 
fully remove the disagreement [17]. 
In Chapter 1 [15] we performed CC and CS calculations for the 
NH3~Ar system. The inversion motion in NH3 was included both via 
the delta function model and by taking the inversion coordinate explic­
itly into account. Thus we were able to determine the effect of the delta 
function model and the CS approximation on the cross sections. We 
found that application of the delta function model hardly influenced the 
cross sections, only in the order of 3%. Application of the CS approxima­
tion, however, did have an appreciable influence. The CC cross sections 
CT(0Q —> З3 ) and cr(0g" —> 4з") for ortho and tf(lj~ —> 2^) for para were all 
significantly different from zero. In the CS approximation the cross sec­
tions to З3" and 4g" are exactly zero, the cross section to 2^ was smaller 
than in CC by a factor of two. We concluded that the absence of cross 
sections to the two ortho states is an artifact of the CS method and that 
for ΝΗ3-ΑΓ the Coriolis terms in the Hamiltonian, which are neglected 
in the CS approximation, give rise to significant transition probabilities. 
Even though these terms are small, they fall off slowly with increasing 
distance and since the long range attraction in the ΝΗ3-ΑΓ potential is 
important, they can have an appreciable effect on the cross sections to 
Зз" and 4з . On the basis of these CC and CS results for NH3-Ar, we 
inferred that for NrÏ3-He the smallness of the theoretical cross section 
from 1]" to 2j could not be attributed to the use of the CS method. 
Here we want to examine the disagreements in NH3-He. To this end 
we computed an ab initio potential energy surface for this system. Next 
we performed CC calculations making use of this potential at the rela-
tive kinetic energy attained in the experiment. In this way we minimized 
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the deviations caused by differences between the experimental conditions 
and the parameters in the scattering calculations. Furthermore, we in­
vestigated whether a correction of the theoretical cross sections for the 
imperfect initial state preparation in the experiment can bring the ex­
perimental and theoretical propensities into agreement. 
Up to now it was assumed that the influence of the imperfect initial 
state preparation was too small to cause the large deviations between 
the theoretical and experimental propensities [11]. In our study of the 
ΝΗ3-ΑΓ system [15] we found that taking the imperfect initial state 
preparation into account changed the integral cross sections by a factor 
of two at most, and about 10% on average. This finding seems to support 
the above assumption, since these factors cannot explain the deviations 
in NH3-He (see Table 1). However, since the ІЧНз-Не interaction is 
dominated by short range collisions [4], contrary to NH3-Ar where the 
long range attraction is more important, we wanted to check it explicitly 
for the case of NH3-He. 
2. Intermolecular potential 
The ab initio potential has been obtained from SCF calculations with the 
use of the following spherical Gaussian basis sets: N(12s8p3d/10s7p3<¿), 
H(7s2p/6s2p) [18] and He(lls5p/5s3p) with s-orbitals from Ref. [19] and 
the p-orbitals from Ref. [20]. We did not correct for the basis set super-
position error since we found that it was only 0.3% at R = 5 bohr, and 
Θ = Φ = 0°, where R, Θ and Φ are the spherical polar coordinates of 
He with respect to a frame centered at the ammonia center of mass, and 
where the nitrogen atom of the ammonia is on the positive ζ axis and 
one hydrogen nucleus is put into the x-z plane, with positive x. The long 
range part contains multipole-expanded dispersion contributions at the 
TDCHF plus second order true correlation level [21]. A Tang-Toennies-
like damping was applied to the long range energy. The surface was 
expanded in spherical harmonics through I = 7, in the way described in 
Ref. [15]. 
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The ab initio potential does not depend explicitly on the inversion 
coordinate. This implies that we have to apply the delta function model 
to treat the NH3 inversion motion. As explained in the Introduction 
we may nevertheless assume that the conclusions based on the results of 
the present calculations are not affected by the model treatment of the 
inversion. 
3. Computational aspects 
The calculations were carried out with the HIBRIDON inelastic scatter­
ing code [22]. An explanation of the parameters used in the calculations 
can be found in Ref. [15]. We have used the option in the program to 
reduce the size of the basis set when the overall rotation of the ]ЧНз-Не 
complex starts to take up a large part of the available energy, i.e. from 
a chosen value of the overall rotational quantum number J upwards the 
program only includes open channels. 
The value of the total energy is determined by the experimental rela­
tive kinetic energy, 436 c m - 1 . The ortho NH3 with initial state j = к = 0, 
where j and к are the symmetric top quantum numbers of the NH3 
monomer, has zero internal energy, so the total energy is equal to the 
relative kinetic energy. The initial j = к = 1 state of para NH3, which is 
the ground state of this species, has an internal energy of 16.245 c m - 1 
[8]. The total energy for para is consequently set equal to 452.245 c m - 1 . 
The molecular levels in the basis set are retained up to j = 9 inclusive, 
with all allowed values of k. This means that for ortho NH3 34 levels 
are included (with a maximum energy of 895 c m - 1 ) of which 19 levels 
are asymptotically accessible. Out of the 66 levels for para NH3 (with a 
maximum energy of 891 c m - 1 ) 34 levels are accessible. The J value at 
which we start to include only open channels is 41, and J took the values 
0,1,2,..., 160. 
Retaining all levels up to j = 11 in the rotational basis set, changed 
the cross sections by less than 3%. The convergence of the cross sections 
with respect to all other relevant parameters, such as the step size Δ η in 
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the propagator, was about 1%. The neglect of closed channels for J > 40 
did not affect the results. The values for the rotational constants of NH3 
are taken from Ref. [8]: В = 9.9402 cm" 1 and С = 6.3044 c m - 1 . 
The maximum number of channels in the calculation was 219 per 
parity block for ortho NH3-He, taking about 2 CPU hours for a full 
calculation and 441 per parity block for рага ]ЧНз-Не, taking about 23 
CPU hours on an IBM RS/6000 model 390 workstation. 
4. Results and discussion 
In view of the findings described in the Introduction we have used the 
CC method in the calculations reported here. The NH3 inversion is 
treated via the delta function model. As indicated in Section 3, the 
relative kinetic energy is set equal to the relative kinetic energy attained 
in the crossed molecular beam experiment [11] to which we compare our 
results. This experiment measures the differences in population of a 
specific rotation-inversion state \i) = j ^ before and after the collision. 
The signal is proportional to 
Δη(») = Σ [n(j>(¿ -»• 0 - η{ι)σ(ί -»• j)] , (1) 
where п(і) stands for the initial population of state i and An(i) is a mea­
sure for the collision induced change in that population. The dimension 
of Δη (г) is A2; we will refer to it as "corrected cross section". For ortho 
NH3 the initial state consists of 92% OQ and 8% IQ" and for para NH3 of 
95% If and 5% if. 
In order to make the correction for the imperfect initial state prepara­
tion the state-to-state cross sections obtained from the calculations must 
be put into Eq. (1). The contributions from the l j state of the ortho 
species and the i f state of the para species are taken from the same 
computations (with the same total energy) as the cross sections from 
the mainly populated initial states. This is justified, because the cross 
sections are only weakly dependent on energy. 
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In Table 1 we have listed both the pure state-to-state cross sections 
and those that are corrected for the imperfect initial state preparation, 
together with the experimental cross sections and the CS results of the 
calculations from Ref. [10]. The theoretical results are given in Á2. From 
the experiment only relative values for the cross sections can be derived. 
To facilitate comparison, the sum of the experimental cross sections over 
all states is set equal to the sum of the corrected cross sections from the 
present calculations. The sum contains only cross sections for excitations 
to levels j \ that are experimentally observed. The experimental error in 
the individual cross sections is estimated to lie between 10% for the larger 
values and 20% for the smallest ones. 
If we look at the computed cross sections to З3", 4g" and 2 J without 
the correction for the initial state preparation, we see that they are all 
practically zero, not only in the CS, but also in the CC calculations. 
This observation was already made in Ref. [17]. In that reference, the 
reliability of the results was questioned because of the deviations with 
experiment. We conclude, on the other hand, that ΝΗβ-Ηβ obeys stricter 
propensity rules than ІЧНз-Аг. Apparently, the Coriolis terms play a 
negligible role in NH3-He scattering. 
At first sight it may seem surprising that the Coriolis terms are less 
important in NH3-He, because they are inversely proportional to the 
reduced mass of the collision complex. The reduced mass of NH3-He 
is about 3.7 times smaller than that of ΝΗ3-ΑΓ. It can be understood, 
however, by realizing that if the anisotropic potential is zero inelastic 
phenomena will not occur. In other words, the Coriolis forces can only 
give rise to nonzero transition probabilities in the presence of a potential. 
The longer the potential is felt, the larger the effect of the Coriolis terms. 
And, for ΝΗ3-ΑΓ the long range attraction is much more important than 
for NH3-He. 
Taking into account the imperfect initial state preparation shows that 
the cross sections to З3", 4 j and 2^ change drastically. The magnitudes 
of the cross sections from l j to З3" and 4g are 6.611 Â2 and 1.166 Â2, 
respectively. The cross section from lj" to 2^ is 3.465 Â2, which is equal 
to cr(lj" —> 2^) given in Table 1, because the para cross sections are 
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Table 1 
State-to-state cross sections for ortho and para NHa-He. For both species the first two 
columns contain the state-to-state cross sections in À2 that are calculated in Ref. [10] 
at a relative kinetic energy of 788 c m - 1 and those from the present calculations at a 
relative kinetic energy of 436 cm - 1 , respectively. The third column contains the cross 
sections from the present calculations that are corrected for the imperfect initial state 
preparation, in Â2. The experimental values are given in the fourth column. A dash 
(—) in the fourth column indicates that the corresponding cross section has not been 
measured. 
ortho NH3-He para NH3-He 
ЗІ 
lo+ 
2o+ 
3o+ 
4o+ 
5o+ 
6o+ 
Зз
+ 
3J 
4з" 
4 Î 
5з+ 
5з" 
6з" 
6з+ 
66" 
66
+ 
<т(0+ 
Ref. 
[10] 
1.011 
5.158 
1.028 
0.505 
0.383 
0.062 
0.000 
6.681 
4.477 
0.000 
0.000 
0.221 
0.020 
0.000 
0.000 
1.154 
- • i í ) 
this 
work 
0.615 
3.182 
1.509 
0.083 
0.037 
0.002 
0.002 
7.894 
2.248 
0.001 
0.003 
0.076 
0.004 
0.000 
0.002 
0.412 
Δηϋί) 
this 
work 
-0.554 
3.041 
1.495 
0.117 
0.037 
0.001 
0.531 
7.317 
2.173 
0.094 
0.005 
0.093 
0.004 
0.000 
0.033 
0.381 
exp 
[И] 
1.56 
3.51 
1.00 
0.41 
-
0.29a) 
1.01 
3.18 
2.68 
0.49 
-
-
-
-
-
0.46 
it 
2Γ 
η 
3Í 
3Γ 
4Γ 
4Í 
2J 
2+ 
3+ 
з2-
4J 
4Î 
5Í 
52-
4Γ 
4Í 
54+ 
5Γ 
5^ 
55" 
σ(1Γ 
Ref. 
[10] 
0.758 
2.791 
0.612 
1.702 
0.370 
0.259 
0.001 
2.757 
1.665 
0.820 
0.674 
0.233 
0.074 
0.056 
0.445 
2.713 
1.550 
0.055 
0.006 
0.845 
this 
work 
0.668 
1.757 
0.932 
0.869 
0.323 
0.042 
0.001 
3.465 
1.044 
0.963 
0.335 
0.135 
0.024 
0.017 
0.262 
3.077 
0.563 
0.023 
0.003 
0.495 
Δη(Λ) 
this 
work 
0.723 
1.703 
0.929 
0.872 
0.309 
0.056 
0.174 
3.292 
1.040 
0.967 
0.325 
0.145 
0.024 
0.017 
0.403 
2.936 
0.536 
0.050 
0.028 
0.471 
exp 
[И] 
1.96 
2.04 
0.64 
1.21 
0.52 
0.23 
0.44 
1.91 
1.00 
0.75 
0.52 
_ ») 
-
-
0.49 
1.70 
0.62 
0.28 
0.16 
0.34 
o) A reexamination of the experimental data shows that the experimental cross section 
to 6Q should be much smaller than 0.29 Â2, and that the experimental cross section 
to 4^ should be 0.50 ± 0.10 Â2, see Section 4. 
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invariant to a simultaneous change of the sign of e in the incoming and 
outgoing states. Even though these cross sections contribute only with 
a weight of 8% or 5%, they can to a large extent account for the magni­
tude of the measured cross sections and the corresponding propensities. 
Comparison with the CS results of Meyer et. al. [10] at an energy of 788 
c m
- 1
 shows that for the cross sections to З3", if and 2 J the influence of a 
difference in energy, computational method and potential energy surface 
is much smaller than that of the initial state preparation. 
From Table 1 we see that for all other cross sections the effect of 
the correction for the initial state preparation is of the same order as in 
NH3-Ar, except for the cross section to 1Q". The latter even becomes 
negative, which would imply a depopulation of the l j state. Since such 
a depopulation has indeed been found in experiment [13], we checked the 
experimental data again and found that there can be no doubt about the 
sign in the experiment in Ref. [11]. The large deviation must therefore 
be due to the fact that for this cross section Eq. (1) amounts to 
Δη(1+) = 0.92 σ(0+ -• 1+) - 0.08 £ σ(1+ -> г), (2) 
«/ij 
whereas for the other final ortho states it amounts to 
An(fk) = 0.92 σ(0+ -+ fk) + 0.08 σ(1+ -> j k ) . (3) 
Because of the presence of the sum in Eq. (2)—which is equal to 13.994 
A2 here—we get a near-cancellation of the two terms on the right-hand 
side. As a consequence, the corrected cross section to IQ" is very sensitive 
to the potential. 
For comparison, we have also determined the effect of the correction 
for the initial state preparation on the theoretical cross sections given in 
Ref. [17]. These cross sections are computed at a total energy of 600 c m - 1 
using the CC method. The cross sections to З3", 4^ " and 2J change from 
0.010 to 0.447 Â2, from 0.012 to 0.123 À2, and from 0.005 to 0.150 À2, 
respectively. This confirms our conclusion that for these cross sections 
the initial state preparation has the most important influence. Moreover, 
the cross section to 1Q changes from 2.627 to 1.054 Â2 upon application 
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of Eq. (2). This demonstrates that a change in energy and potential has 
a very large effect indeed on the value of this particular cross section. 
After correcting for the initial state preparation there is one experi­
mental cross section for which the disagreement with theory remains too 
large to be accounted for by inaccuracies in the potential energy surface, 
namely the cross section to 6g\ Since, in addition, the large magnitude 
of the experimental cross section to this state—with an internal energy of 
417 cm - 1 —is counterintuitive, we again checked the experimental data 
and found that the observed transition to the 6Q" state, rP(6g"), from 
which the cross section was derived, is coincident with a transition to the 
4j" state, namely pO(42"). From a careful analysis of other observed tran­
sitions to these states we learned that the intensity of the rP{&Q )/рО(4^ ) 
signal must be ascribed mainly to the pO{^2) transitions. Consequently 
the value for the cross section to 6 j should be much smaller than re­
ported earlier [11]. For the cross section to the \\ state a value of 0.50 
± 0.10 Â2 is now derived. This is in closer agreement with the theoret-
ical results, because for ІШз-Не the cross section to 4j" was the largest 
theoretical cross section that had not been measured. 
5. Conclusions 
Our calculations show that the application of the correction for the ini­
tial state preparation reduces the disagreement between all experimental 
and theoretical propensities to an extent that can be attributed to inac­
curacies in the potential energy surface. We conclude therefore that this 
correction is essential if one wants to compare experimental and theoret­
ical state-to-state cross sections for rotationally inelastic collisions of am­
monia and rare gas atoms, especially when the interaction is dominated 
by short range collisions that cause the system to obey strict propensity 
rules as in ГШз-Не. Further, we find that the cross section to a state 
that has a significant depopulation due to scattering out of that state, is 
extremely sensitive to the shape of the intermolecular potential. A re­
newed inspection of the experimental data shows that the experimental 
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cross sections to the 4% and 6g" states must be corrected. The correction 
improves the agreement between theoretical and experimental results. 
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1. Introduction 
Differential cross sections (DCSs) and integral cross sections (ICSs) for 
rotationally inelastic scattering are both very sensitive probes of the 
anisotropy of the intermolecular potential surface. The quality of poten­
tial surfaces can therefore be tested by comparing the calculated state-to-
state cross sections with experimentally determined ICSs or DCSs. The 
information that can be derived from DCSs, however, is more detailed 
than that contained in ICSs, because DCSs yield information about the 
dependence of the collision dynamics on the impact parameter. Small an­
gle scattering results from collisions with a large impact parameter, and 
is dominated by the attractive long range part of the potential, whereas 
large angle scattering originates from collisions with a small impact pa­
rameter, that mainly probe the repulsive short range part of the potential. 
For ICSs it is not possible to relate their magnitude to specific regions of 
the potential. 
In three previous papers we calculated ICSs using the close coupling 
(CC) method for NH3-Ar [1,2] and NH3-He [3] at a relative kinetic en­
ergy of 485 and 436 c m - 1 , respectively, and compared them with exper­
iment. For ΝΗ3-ΑΓ we have used three different potentials, an ab initio 
potential [4], a potential in which one parameter in the ab initio potential 
was scaled to improve the agreement between bound states calculations 
and spectroscopic data [5], and an empirical potential [6]. We found that 
the scaling of the aò initio potential improved the agreement with the 
experimental scattering data compared to the original ab initio potential, 
just as it did for the bound state spectrum. Best agreement, however, was 
obtained when we used the empirical potential. For ГШз-Не we made 
use of only one ab initio potential, which gave reasonable agreement with 
the experimental data [3]. 
As a further test of our potentials, we present in this paper DCSs 
obtained from CC calculations and we compare them with experimental 
DCSs that have recently become available for ΝΗ3-ΑΓ [7] and for ]ЧНз-Не 
[8] at a relative kinetic energy of 1274 c m - 1 and 1130 c m - 1 , respectively. 
The calculations were performed at the energies attained in these exper-
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iments for both collision complexes, and for the cross sections that are 
experimentally observed. In the ortho ΝΗ3-ΑΓ calculations we used the 
two best potentials, i.e., the scaled ab initio potential and the empirical 
potential. For para ΝΗ3-ΑΓ we only used the empirical potential. 
To get an idea of the energy dependence of the DCSs, we have also 
calculated the DCSs for both complexes at the lower energies at which the 
calculations in our previous papers were performed. The calculations au­
tomatically yield ICSs, too. Since the ICSs have also been experimentally 
determined for the high energies [9,8], we also compare the the theoretical 
and experimental ICSs at the high energies for both complexes. 
The paper is organized as follows: In Section 2 we describe the inter­
molecular potentials. In Section 3 we outline the settings of the param­
eters used in the scattering calculations. The results are presented and 
discussed in Section 4 and summarized in Section 5. 
2. Intermolecular potentials 
The empirical and scaled 06 initio potential surfaces that we used in 
our ΝΗ3-ΑΓ calculations are described in Refs. [6] and [4], respectively. 
The ab initio potential for NH3-He is described in Ref. [3]. Here, we 
summarize the most important features of the three potentials. 
The empirical ΝΗ3-ΑΓ potential surface has been determined from 
a least squares fit to 61 far infrared and microwave vibration-rotation-
tunneling measurements and to temperature dependent second virial co­
efficients. A surface with 13 variable parameters has been optimized to 
accurately reproduce the spectroscopic observables, using the collocation 
method for the bound state calculations [10]. This model surface contains 
long-range attractive forces of induction and dispersion and short range 
coulombic and electron exchange repulsive forces. The long-range disper­
sion coefficients were taken from ab initio calculations [4,11], since they 
cannot be properly derived from experiment. The three intermolecular 
coordinates (R, ϋ,φ) were treated without invoking any approximation 
regarding their separability. 
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The ΝΗ3-ΑΓ ab initio potential has been obtained from Heitler-
London short range calculations and from multipole-expanded disper­
sion and induction long-range contributions. The ab initio potential for 
NH3-He has been obtained from supermolecule self consistent field calcu­
lations, supplemented with multipole-expanded dispersion contributions 
at the time-dependent coupled Hartree-Fock plus second order true cor­
relation level [11]. For both potentials a Tang-Toennies-like damping was 
applied to the long-range energy. The ab initio potentials are expressed 
with respect to a body fixed coordinate frame in which the ζ axis coin­
cides with the C3 axis of ammonia, with the nitrogen atom being on the 
positive ζ axis. The frame origin is in the center of mass of NH3 and 
one hydrogen nucleus is put into the x-z plane, with positive x. The 
position vector R of the Ar or He atom is given by its usual spherical 
polar coordinates (R, Θ,Φ). Both potentials are expanded in spherical 
harmonics Υχμ through A = 7: 
(Я, ,Ф)=5>А
М
(Я)УЛ„( ,Ф). (1) 
λμ 
Due to the threefold symmetry of the ammonia only terms with μ = 
0,3,6,... are present. The scaling of the NH3-Ar ab initio potential 
consists in multiplying a short range parameter in one of the expansion 
coefficients, 1)33(R), by a factor of 1.43. This appeared to improve the 
agreement with the spectrum considerably [5]. 
The empirical potential is expressed in a frame that is slightly different 
from the one used for the ab initio potentials, i.e., the nitrogen atom 
is put on the negative ζ axis. This means that we have to apply the 
transformation θ = π — ϋ and Φ = φ, in order to express both potentials 
in the same coordinate system. 
In the present calculations the potential surfaces are 3-dimensional, 
i.e., they do not depend explicitly on the ammonia inversion coordinate. 
This implies that we have to apply the delta function model [12,13] to 
treat the NH3 inversion motion. It has been shown [1], however, that 
this has only a small effect—in the order of 3%—on the cross sections 
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as compared to calculations that take the inversion coordinate explicitly 
into account. 
3. Computational aspects 
The close coupling calculations were carried out with the HIBRIDON 
inelastic scattering code [14]. An explanation of the parameters used in 
the calculations can be found in Ref. [1]. 
The values of the total energies Etot in the present calculations are 
given in Table 1. The values of the higher energies, 1274 c m - 1 for 
ΝΗ3-ΑΓ and 1130 c m - 1 for ГШз-Не, are determined by the total en­
ergies in the experiments [7,8] with which we compare our differential 
cross sections. The lower energies are set to 485 c m - 1 and 436 c m - 1 for 
ΝΗ3-ΑΓ and ΝΗβ-Ηβ, respectively. These values are determined by the 
settings in earlier calculations, in which we compared theoretical ICSs 
with experimental ones. 
The difference in the ortho and para total energies are caused by the 
difference in ground state energy of the two species. The ortho NH3 with 
initial state j = к = 0, where j and fc are the symmetric top quantum 
numbers of the NH3 monomer, has zero internal energy, so the total 
energy is equal to the relative kinetic energy. The initial j = к = 1 state 
of para NH3, which is the ground state of this species, has an internal 
energy of 16.245 c m - 1 [15]. The total energy for para NH3 is consequently 
set 16.245 c m - 1 higher than the total energy for ortho NH3. 
For the reduced masses of NHs-Ar and NH3-He we have used the 
values 11.9396 and 3.2408 amu, respectively. The values for the rotational 
constants of NH3 are taken from Ref. [15]: В = 9.9402 c m - 1 and С — 
6.3044 cm- 1 . 
Table 1 also lists the maximum energy £ m a x = Bjmax(jmax +1) of the 
closed channels, the maximum values of j and fc in the rotational basis 
set, the number of accessible levels and the total number of levels, the 
maximum number of channels, the maximum overall rotational quantum 
number J of the complexes, and CPU times rounded to the hour. The 
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Table 1 
The total collision energies Etot, the maximum energies Emax and the maximum sym­
metric top quantum numbers (j
max
, к
тлх
) of the levels in the rotational basis set, the 
number of accessible (open) levels, the total number of (open and closed) levels, the 
maximum number of channels n
m a x
, the maximum overall rotational quantum number 
of the complex J
m a x
 and the IBM RS/6000-370 CPU times for HIBRIDON versions 
3.8 and 4.0, in the calculations for the NHß-Ar and ІШз-Не collision complexes. 
Given in parentheses in the columns "open" and "total" are the number of levels with 
J > jmax and an energy less than Etot and Етлх, respectively, that are omitted from 
the rotational basis set. 
atom 
Ar 
Ar 
He 
He 
Ar 
Ar 
He 
He 
•Etot 
(cm- 1 ) 
485.0 
1274.0 
436.0 
1130.0 
501.2 
1290.2 
452.2 
1146.2 
•C'max 
(cm" 1 ) 
894.6 
1550.7 
894.6 
1312.1 
891.0 
1547.0 
891.0 
1308.5 
(Jmaxi "'ma: 
( 9,9) 
(12,12) 
( 9 , 9) 
(11, 9) 
( 9, 8) 
(12,11) 
( 9,8) 
(11,11) 
s
) levels 
open 
ortho NH 3 
19(0) 
49(0) 
19(0) 
43(2) 
para NH3 
40(0) 
96(0) 
34(0) 
86(2) 
total 
34(2) 
57(4) 
34(2) 
48(6) 
66(6) 
112(4) 
66(6) 
96(4) 
^max 
219 
484 
219 
372 
441 
972 
441 
772 
"max 
150 
250 
160 
100 
150 
250 
160 
100 
CPU 
(h) 
24 
160 
2 
12 
286 
1035 
18 
180 
difference between .E^ot a n d E
max
 is a measure for the convergence with 
respect to the size of the rotational basis set. This criterion looses its 
reliability, however, if there are too many omitted levels with j > j
m a
x 
and an energy less than Etot or E
max
 (note that the energy of an NH3 
rotational level (j, k) is given by E3k = Bj(j + 1) + (C — B)k2, i.e., E}k 
decreases with increasing \k\). Therefore the number of open and closed 
levels that are omitted—because of the limitation on j—is also given in 
parentheses. 
For He-NH3 at 1130 c m - 1 , it proved to be sufficient to retain all 
levels in the rotational basis set up to j = 11; going from jmax = 10 to 
jmax = 11 changed the cross sections by less than 1%. For Аг-]МНз at 
1274 c m - 1 , we had to include all levels up to j = 12, since going from 
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jmax = 11 to imax = 12 still introduced changes in the cross sections of 
about 10%. We could not perform calculations at j
m a
x = 13 since the 
maximum value of j in the program is 12. However, we estimate the 
difference between the results obtained with j
m a x
 = 12 and j
m a x
 = 13 
to be smaller than 5%. In the lower energy case, both for ΑΓ-ΝΗ3 and 
for He-NH3, the value of j
m a x
 was 9. Retaining all levels up to j = 11 
changed the cross sections by less than 3%. 
In all calculations J took the values 0 ,1 ,2 , . . . , Jmaxi with J
m a x
 given 
in Table 1, and taken large enough to obtain convergence. It is remark­
able to see that in the case of He-NH3 the value of J
m a x
 at which con­
vergence is reached, is higher for the low energy. The opposite is true 
for ΑΓ-ΝΗ3. The quantum number J can be regarded as the quantum 
mechanical analog of the classical impact parameter [7]. If the potential 
would still be nonzero at infinity, all impact parameters would contribute, 
and the value of J
m
ax would be determined by the value of J at which 
the overall rotational energy starts to take up all the available energy. 
So one would expect J
m a x
 to increase with increasing energy. However, 
if the range of the potential is short, only a limited amount of impact 
parameters will contribute. When the total energy of the collision in­
creases, the distance at which the potential becomes negligible compared 
to the total energy gets smaller, and the number of significant impact 
parameters decreases. Apparently, the potential of ΑΓ-ΝΗ3 has such a 
long range that the second effect does not dominate, whereas it does for 
H e - N H 3 . 
The error in the cross sections due to the finite step size in the propa­
gator was about 1% in all calculations. The step size for the He calcula­
tions at both energies was 10 times larger than that of the Ar calculation 
at the low energy. At the high energy for Ar, the latter step size was 
multiplied by 2 to keep the calculations feasible. Although the step size 
should decrease with increasing energy, the convergence was still within 
a few percent. We have used the possibility of the program to include 
only open levels in the rotational basis set when the overall rotation of 
the complexes starts to take up a large part of the available energy. The 
values of J at which we start to reduce the size of the rotational basis 
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set is 75, 35, 40, and 20 for the successive energies and complexes that 
are listed in Table 1, for both NH3 species. The effect of this reduction 
on the cross sections is found to be about 1% in all cases. The fact that 
the values of J at which the reduction starts are smaller for the higher 
energies is caused not only by the smaller difference between Eiot and 
Emax, but also by the decrease of the level density with increasing energy. 
It is not possible to give precise timings for the calculations at the 
higher energies, since all of them had to be restarted in the course of 
their runs. Moreover, the calculations were done with different versions 
of HIBRIDON and on different machines. We therefore give rather crude 
timings in Table 1. The times given are for an IBM RS/6000 model 370 
workstation and for the ESSL version of HIBRIDON, version 3.8 or 4.0. 
4. Results and discussion 
As explained in Section 3, the calculations for ΝΗ3-ΑΓ were performed 
at a relative kinetic energy of 1274 c m - 1 and 485 c m - 1 . The relative 
kinetic energies in the №Із-Не calculations were set to 1130 c m - 1 and 
to 436 c m - 1 . The high energies are equal to the relative kinetic energy 
attained in the counterpropagating pulsed molecular beam experiments 
[7,8,9] to which we compare our results. The lower energies were chosen 
to correspond to the energies attained in the crossed molecular beam ex­
periments to which we previously compared computed ICSs for ΝΗ3-ΑΓ 
[16] and NH3-He [17]. The experiment measures the differences in pop­
ulation of a specific rotation-inversion state \ i) = jf. before and after 
the collision. The signal is proportional to 
An(i) = Σ [n(j)a{j ->· i) - п(і)а{і ->· j)] , (1) 
]фі 
where п(г) stands for the initial population of state i, An(i) is a measure 
for the collision induced change in that population, and σ(ί —>• j) is a 
state-to-state cross section. In the experiments of Meyer the ortho NH3 
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initial state consists of 81% Og" and 19% lg" and the poro NH3 initial 
state of 57% if and 43% If, both for NH3-Ar and for NH3-He. 
In Ref. [3] we found that it is important to take the initial state prepa­
ration into account if one wants to make a comparison with experiment, 
especially for ΝΗβ-Ηβ. In order to make the correction for the imperfect 
initial state preparation, the state-to-state ICSs and DCSs obtained from 
the calculations must be put into Eq. (1). The contributions from the lg" 
state of the ortho species and the lj~ state of the para species are taken 
from the same computations (with the same total energy) as the cross 
sections from Og" and if. This is justified, because the cross sections are 
only weakly dependent on energy. 
The results of the calculations of the DCSs are displayed in Figs. 1-5. 
The theoretical cross sections are given in Â2/sr. The angular resolution 
in the experiment is A(cos Θ) = 0.2 and 0.3 for ΝΗ3-ΑΓ and NH3-He, 
respectively. The diffraction oscillations at small angles can therefore 
not be resolved experimentally. The error in the DCSs is estimated to 
be ±15%. To avoid confusion we remark that if the DCS for a certain 
final state is dashed in the left panel, it does not necessarily have to 
be dashed in the right panel; the dashes are only used to get a better 
distinction between the different DCSs. Since the experiment yields only 
relative values for the DCSs it was necessary to scale them to enable a 
comparison with the theoretical DCSs. Since it was not possible to find 
a general recipe for this scaling, we have scaled each case separately, in 
a way that is described in parts A and В of this section. 
In Tables 2-6 we have listed both the pure state-to-state ICSs and 
those that are corrected for the imperfect initial state preparation, to­
gether with the experimental ICSs. The theoretical ICSs are given in Â2. 
As for the DCSs, only relative values for the ICSs can be derived. To 
facilitate comparison, the sum of the experimental ICSs over all states is 
set equal to the sum of the corrected ICSs from the present calculations. 
The sum contains only ICSs for excitations to levels j£ that are experi-
mentally observed. The experimental error in the individual ICSs is 10% 
to 25%. In order to get a single parameter as a measure for the over-
all agreement between the calculated and experimental ICSs, we have 
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defined an error Q in Ref [2] in the following way: 
1/2 
x 100% , (2) 
where Дп(г)
с а
і
с
 are the corrected calculated ICSs, An(i)
exp are the ex­
perimental ICSs, and the summation runs over all measured final states 
jfr. The values of Q are included in the Tables. 
A. Differential cross sections for Nty-Ar 
The theoretical and experimental DCSs for ΝΗ3-ΑΓ are shown in Figs. 1-
3. In the figures we have indicated the NH3 species, the relative kinetic 
energy, and the origin of the DCSs. The experimental DCSs in Fig. 1 are 
scaled by setting the value of the maximum in the experimental DCS to 
3Q equal to the value for that maximum calculated from the empirical 
potential. In Fig. 2 the experimental DCSs for para ІЧНз-Ar are scaled by 
setting the experimental DCS to 4г equal to the corresponding theoretical 
value at cos Θ = — 1. 
Figure 1 enables us to compare the DCSs from the scaled ab initio 
potential as well as those from the empirical potential with the experi­
mental ones. The maximum in the experimental DCS to 3Q is reproduced 
by both potentials. The corresponding angles are Θ = 80°, 94°, and 63° 
for the experiment, the scaled 06 initio potential, and the empirical po­
tential, respectively. 
A somewhat more approximate scattering method is the coupled sta 
tes (CS) approach. In this approach more symmetry is present than in 
the CC method, due to the neglect of off-diagonal Coriolis interaction in 
CS. Thus, CS has certain selection rules that are absent in CC. In the ex­
periment the CS allowed DCSs (with e = (—l)fc) to the states З3 and 4J 
show an angular dependence that is similar to the angular dependence of 
their CS forbidden counterparts (with e = (—l) fc+1) to 3 j and 4з". This 
is also the case for the corresponding DCSs obtained from the empirical 
Q = 2jJAn(ijc aic - Дтг(г)ехр г-
Σ, MOS exD 
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Fig. 2 Theoretical and experimental DCSs for pora NH3-Ar at a relative kinetic 
energy of 1274 c m - 1 The theoretical DCSs (left) are calculated from the 
empirical potential The experimental DCSs (right) are taken from Ref [7] 
potential. For the scaled ab imtio potential, however, the angular depen­
dence of the CS allowed DCSs shows strong deviations from those that 
are CS forbidden, even at intermediate angles. A characteristic of the 
experimental CS forbidden DCSs is that they show a stronger decrease 
towards cos Θ = — 1 than the CS allowed DCSs. This characteristic is 
exhibited by both potentials (for the 4з states of the empirical potential, 
see also Fig. 3). As explained by Meyer [7], this is related to the fact 
that the CS approximation becomes better for small impact parameters. 
As in the experiment, maxima occur in the DCSs to 4J and 7g for the 
empirical potential, whereas the scaled ab initio potential only gives a 
maximum for 7g • The empirical potential also gives a maximum in the 
DCS to 4g", contrary to the experiment and the scaled ab initio potential. 
A remarkable difference between the theory and the experiment is 
74 
Chapter 4: Results and discussion 
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Fig. 3 Theoretical DCSs for ortho NH3-Ar (left) and para NH3-Ar (right) 
at a relative kinetic energy of 485 c m - 1 The DCSs are calculated from the 
empirical potential. 
that nearly all computed DCSs continue to decrease exponentially in the 
backward direction, whereas the experimental DCSs are much more con­
stant in that region. This difference might be caused by the method 
that is used to derive the angular dependence from the experiment. This 
dependence is not measured directly, but is obtained via a deconvolution 
procedure that introduces uncertainties in the experimental Θ depen­
dence. 
In view of the findings above and the cost of the calculations we have 
chosen to restrict our attention to the empirical potential. In the para 
calculation at 1274 c m - 1 , and in the calculations at a relative kinetic 
energy of 485 c m - 1 only the empirical potential was used. 
The DCSs for para NÜ3-Ar are displayed in Fig. 2. The largest dis-
crepancy between the theoretical and the experimental DCSs is in the 
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relative magnitude of the DCS to Зг- However, many of the features of 
the experimental DCSs are exhibited by the theoretical ones. The exper­
imental DCSs to 2i, 3i, and З2 have maxima in the forward direction, in 
the backward direction they are nearly constant. The corresponding the­
oretical DCSs have the same characteristics, except that the computed 
DCS to 3i continues to decrease at large angles. Both in the theory and 
in the experiment we can distinguish a shoulder in the DCS to 3i. The 
maxima in the DCSs to 4г and 64 are also reproduced by the theory, 
even though the angles at which they occur are somewhat larger. In the 
backward direction the DCS to \<¿ continues to decrease exponentially, 
the DCS to 64 is practically constant, in the computations as well as in 
the experiment. 
Figure 3 demonstrates that both the angular dependence and the 
relative magnitudes of the DCSs depend strongly on the energy. The 
variation in the DCSs as a function of Θ is much smaller if the energy is 
lower, especially at intermediate angles. The maxima and the shoulders 
in the DCSs have nearly all disappeared at 485 c m - 1 . 
B. Differential cross sections for NH^-He 
The results of the calculations of the DCSs for NH3-He are displayed 
in Figs. 4 and 5. The NH3 nuclear spin species and the relative kinetic 
energy are also indicated in the Figures. The experimental DCSs for 
ortho ГШз-Не in Fig. 4 are scaled by setting the value of the experimental 
DCS to 3J at cos Θ = 1 equal to its theoretical value, for рага ГШз-Не we 
set the experimental DCS to 64 at cos Θ = — 1 equal to the corresponding 
theoretical value. 
Figure 4 shows the results at a relative kinetic energy of 1130 c m - 1 , 
together with the experimentally determined DCSs from Ref. [8]. If we 
look at the DCSs for ortho NH3-He we see that there is a good qualitative 
agreement between theory and experiment. The DCS to 3J is dominant 
at small angles, whereas the DCS to 4J is dominant at large angles. The 
7g DCS for backward scattering is larger than those for 2Q" and Зз~. Both 
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differential c ross sec t ions (Â / s r ) 
Fig. 4 Theoretical and experimental DCSs for ortho ГШз-Не (top) and poro 
NH3-He (bottom) at a relative kinetic energy of 1130 c m - 1 . The experimental 
DCSs (right) are taken from Ref. [8]. 
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differential cross sections (Â / s r ) 
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Fig. 5 Theoretical DCSs for ortho NH3-He (left) and para NH3-He (right) at 
a relative kinetic energy of 436 cm - 1 . 
in theory and in experiment the DCSs to 4J and 5^ " have a maximum 
at intermediate angles. The threshold behaviour of the DCSs to 7$ and 
7g" is also reproduced fairly well. In general, the relative magnitudes of 
the DCSs are in reasonable agreement. The largest deviation occurs for 
the cross section to 4g". The shoulders in the DCSs to 3Q" and 3J are, 
however, not reproduced by the calculations, whereas the shoulder in the 
DCS to 6J is greatly exaggerated. 
We have also compared the angular dependence of the CS allowed 
and the CS forbidden DCSs. As in the experiment we found that they 
were very similar over the whole range, and that the CS forbidden DCSs 
were considerably smaller, to the same extent as in the experiment. 
In his discussion of the experimental para NH3-He DCSs Meyer distin-
guishes three categories of DCSs [8]. First, DCSs for transitions involving 
78 
Chapter 4: Results and discussion 
small energy transfer (2i, 3i) that are characterized by a maximum at 
cos Θ = 1, and an exponential decrease towards larger scattering angles. 
Secondly, DCSs to states representing intermediate energy transfer (З2, 
4г, 64) that show a rotational rainbow behaviour, i.e., they have a max­
imum which shifts to larger angles with increasing energy transfer. And 
finally, DCSs to states corresponding to large energy transfer that show a 
threshold behaviour and a maximum excitation probability for backward 
scattering. 
Looking at the results of our calculations, we see that this division into 
three categories can be made as well for the theoretical DCSs. However, 
the relative magnitudes of the DCSs are quite different, especially for 
the DCSs to 2i, 62, 64, and 74. Also the shoulders in the cross sections 
to 2i and 3i do not appear in the theoretical DCSs. We must therefore 
conclude that the overall agreement between theory and experiment for 
рага ГШз-Не is less good than for ortho ГШз-Не. 
The DCSs computed at an energy of 436 c m - 1 are shown in Fig. 5. 
As for ΝΗ3-ΑΓ the relative magnitudes of the DCSs change, and the 
variation in the DCSs as a function of Θ is smaller. Obviously, fewer 
states are accessible at the lower energy. For ortho ΝΗβ-Ηβ the DCSs 
to 4з~ and 5J have lost their maximum and the inflection points in the 
DCSs to 3Q" and 3J have disappeared. The maxima in the para DCSs 
have disappeared as well, and the DCSs to 2i and 3i are practically 
independent of the scattering angle. 
Making an overall comparison of the DCSs of ΝΗ3-ΑΓ and ГШз-Не, 
we see that the NH3-Ar DCSs are much more peaked in the forward 
direction than those of РШз-Не. Many of the latter DCSs even show a 
threshold behaviour at small scattering angles, and a maximum in the 
backward direction. These differences in the DCSs are a direct reflection 
of the differences in the potentials of the two complexes. For NH3-Ar 
the long range attraction is much more important than for Nf^-He. As 
a consequence, the influence of the ΝΗ3-ΑΓ potential is much stronger 
at large impact parameters than that of the ІЧНз-Не potential. Hence, 
the NH3-He DCSs are dominated by short range collisions. 
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Table 2 
t 2 
State-to-state integral cross sections for ortho ΝΗ3-ΑΓ in A at a relative 
kinetic energy of 1274 c m - 1 using the scaled ab initio potential The cal­
culated cross sections An(j^) are corrected for the imperfect experimental 
initial state preparation as follows (cf Eq (1)) 
Δη(1+) = 0 81 σ(0+ -f 1+) - 0 19 Σ , ^ σ(1+ -• г) , 
ΔηΟί) = 0 81 σ(0+ -+ зі) + 0 19 σ(1+ -» jfì , for fk φ 1+ 
зі 
1ο+ 
2ο+ 
3ο+ 
4ο+ 
5ο+ 
6ο+ 
7+ 
'ο 
1+ 
Λ3 
3J 
43" 
4з+ 
« = 
^ ( 0 0 + ^ J ¿ ) 
5 26 
6 85 
4 92 
0 59 
100 
0 39 
0 12 
0 80 
9 14 
3 25 
1 14 
= 26% 
cale exp°) 
- 2 99 
6 73 
4 58 
107 
0 88 
0 42 
0 14 
2 29 
7 73 
3 06 
145 
-
72 
3 1 
0 7 
04 
-
-
26 
6 7 
5 3 
13 
li 
5з+ 
5з" 
63-
6з+ 
п 
73-
6б 
6Í 
п 
Ч 
*(OÍ-»JÍ) 
1 12 
0 38 
0 90 
0 20 
0 17 
0 34 
0 38 
0 99 
0 46 
0 06 
ΔηΟί) 
cale 
0 97 
0 63 
0 82 
0 28 
0 19 
0 33 
0 48 
0 97 
0 43 
0 10 
exp' 
0 4 
14 
-
-
-
-
-
-
0 7 
-
о) The experimental values from Ref [9] are multiplied by 1 08 
C. Integral cross sections for І Яз-Аг 
In Tables 2 and 3 we have listed the ICSs for ortho ΝΗ3-ΑΓ for the 
scaled ab гпгио and the empirical potential, respectively The ICSs for 
poro NH3-A1·, for which we only used the empirical potential, are given 
in Table 4. In Refs. [1] and [2] we also calculated ICSs both for ortho 
and para ΝΗ3-ΑΓ, at a relative kinetic energy of 280 c m - 1 and 485 
c m
- 1
, and we compared them with experiment [16]. The average error 
Q was found to be 40% for the scaled ab initio potential and 26% for 
the empirical potential. Here the errors for ortho ІЧНз-Аг are practically 
equal for the two potentials, the scaled ab initio potential performs even 
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Table 3 
State-to-state integral cross sections for ortho ΝΗ3-ΑΓ in Â at a relative 
kinetic energy of 1274 c m - 1 using the empirical potential. The calculated 
cross sections Δη(^|) are corrected for the imperfect experimental initial 
state preparation as indicated in Table 2. 
Λ 
lo+ 
2o+ 
3o+ 
4o+ 
5o+ 
6Î 
7+ 
'0 
33+ 
З3-
4 
4+ 
^3 
Q = 
' ( < # - • # ) 
7.18 
3.93 
3.27 
0.25 
0.53 
0.81 
0.04 
0.09 
8.73 
7.37 
0.05 
= 29% 
cale exp°' 
-1.16 
4.45 
2.94 
0.58 
0.63 
0.70 
0.06 
1.35 
7.59 
6.26 
0.73 
-
6.7 
2.9 
0.6 
0.4 
-
-
2.4 
6.2 
4.9 
1.2 
it 
5з+ 
5з" 
бз" 
6Î 
П 
ч 
66" 
66
+ 
76
+ 
7б 
"(Oj-^í) 
0.04 
168 
0.25 
0.03 
0.01 
0.55 
0.06 
0.90 
1.44 
0.02 
Δ"0£) 
cale 
0.21 
1.71 
0.36 
0.04 
0.03 
0.46 
0.21 
0.85 
1.27 
0.22 
exp' 
0.4 
1.3 
-
-
-
-
-
-
0.6 
-
о) The experimental values from Ref. [9] are multiplied by 1.00. 
slightly better. An explanation for this finding may be that at an energy 
as high as 1274 c m - 1 the collisions mainly probe the repulsive part of 
the potential. At lower collision energies the well region of the potential 
becomes more important. The empirical potential is likely to give a better 
description of the well region than the scaled ab initio potential, since 
it is determined from the bound state spectrum. The well of the scaled 
ab initio potential, on the other hand, is determined by a delicate balance 
between the repulsive and attractive contributions to the potential. A 
small deviation in either of the two contributions already has a large 
effect on the shape of the well. 
If we look at the individual cross sections we see that CS allowed 
ICSs are clearly larger than the CS forbidden ICSs, in the theory as 
well as in the experiment, which indicates that the off-diagonal Coriolis 
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Table 4 
î 2 
State-to-state integral cross sections for para ΝΗ3-ΑΓ in A at a relative 
kinetic energy of 1274 c m - 1 using the empirical potential The calculated 
cross sections An(j^) are corrected for the imperfect experimental initial 
state preparation as follows (cf Eq (1)) 
σ(-ί· Jl) = 0 43 σ(1Γ -»• fk) + 0 57 <r(l+ -> jj) 
Л 
2Г 
2Í 
3Í 
ЗГ 
4Г 
4f 
5f 
5Г 
6Г 
6f 
22-
2Î 
3 2 + 
32" 
42" 
4Î 
°2 
52~ 
Q = 
ff(ir-*Jfc) 
3 69 
2 22 
188 
100 
107 
0 17 
0 30 
0 41 
0 14 
0 50 
0 02 
4 49 
3 50 
0 95 
108 
0 68 
0 30 
0 27 
:40% 
Δηίΐί) 
cale 
2 85 
3 06 
138 
150 
0 56 
0 68 
0 36 
0 34 
0 35 
0 30 
2 57 
194 
2 04 
2 40 
0 85 
0 91 
0 28 
0 29 
} 
} 
} 
} 
} 
} 
} 
} 
} 
e x p o ) 
3 4 
0 9 
0 4 
-
-
4 3 
1 1 
0 6 
-
зі 
62" 
4Γ 
4 4
+ 
5 4
+ 
5Γ 
64" 
6Í 
il 
4 
65" 
65+ 
7 ^ 
4 
7f 
°(4^Jl) 
0 08 
0 33 
0 94 
2 66 
2 08 
0 26 
0 07 
0 64 
0 04 
0 09 
0 05 
1 11 
1 19 
0 08 
0 15 
0 59 
0 11 
0 23 
ΔηΟέ) 
cale 
0 23 
0 19 
192 
168 
104 
130 
0 39 
0 31 
0 07 
0 06 
0 66 
0 51 
0 56 
0 71 
0 40 
0 34 
0 18 
0 16 
expo ) 
} -
} " 
I 09 
} -
} -
1 05 
} -
} -
} -
о) The experimental values from Ref [9] are multiplied by 0 73 
interaction is small. The overall agreement with experiment is fairly good 
for both potentials. The ratio of the corrected calculated cross section 
and the experimental ones varies at most by a factor of 2. For ICSs to 
states with j > 3 the experimental value is always in between the two 
theoretical ones. The negative value for the corrected ICS to 1Q" indicates 
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Table 5 
State-to-state integral cross sections for ortho NH3-He in A at a relative 
kinetic energy of 1130 c m - 1 . The calculated cross sections An(j^) are cor­
rected for the imperfect experimental initial state preparation as indicated 
in Table 2. 
ЗІ <r{0t->3i) AnU) ЗІ ff(0Í-»JÍ) Δη(#) 
lo+ 
2o+ 
3o+ 
4o+ 
4 
6o+ 
U 
Зз
+ 
3J 
4J 
4з+ 
Q = 
0.44 
2.62 
1.72 
0.16 
0.96 
0.18 
0.01 
0.01 
4.90 
4.77 
0.01 
23% 
cale 
-3.03 
2.34 
1.68 
0.40 
0.82 
0.21 
0.02 
0.75 
4.17 
4.08 
0.44 
exp") 
-
1.83 
1.30 
0.98 
0.62 
0.23 
-
0.87 
3.20 
4.20 
0.58 
5Í 
53" 
63~ 
63+ 
η 
4 
4 
6¡r 
η 
7б 
0.01 
0.17 
0.07 
0.01 
0.00 
0.11 
0.01 
1.31 
1.35 
0.00 
cale 
0.02 
0.40 
0.09 
0.01 
0.00 
0.10 
0.24 
1.11 
1.12 
0.18 
exp°> 
0.22 
0.57 
0.27 
0.22 
-
0.21 
-
-
1.33 
-
о) The experimental values from Ref. [8] are multiplied by 1.21. 
that the theory predicts a depletion of this state. Such a depletion has 
indeed been found in the experiment [9], although the actual value of 
this negative cross section has not been experimentally determined. 
The results for para NH3 Ar are given in Table 4. Here the error 
Q was determined by averaging the calculated corrected cross sections 
for the two parity states of each rotational level jk • We note that the 
experimental values given in Table 4 are also the average values of the 
ICSs to the two inversion states, not their sum. 
For para ΝΗ3-ΑΓ we find an error of 40%, which is substantially larger 
than the error for ortho ΝΗ3-ΑΓ. However, if we look at the individual 
ICSs, again we see that the ratio of the computed and the experimental 
ICSs varies by a factor of 2 at most, and that the overall agreement 
between theory and experiment is reasonable. 
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Table 6 
State-to-state integral cross sections for para NE^-He in A at a rela­
tive kinetic energy of 1130 c m - 1 . The calculated cross sections An(j£) 
are corrected for the imperfect experimental initial state preparation as 
indicated in Table 4. 
it 
2Γ 
2f 
3Í 
3Γ 
4Γ 
4f 
5f 
Si­
er 
6Г 
21 
2Í 
3+ 
3ί 
42-
42
+ 
5Î 
52" 
(? = 
σ(1Γ -+ JÍ) 
0.53 
1.36 
0.94 
0.98 
0.74 
0.08 
0.51 
0.10 
0.19 
0.09 
0.00 
1.92 
1.54 
0.62 
0.80 
0.12 
0.14 
0.04 
= 45% 
Δ η ϋ ί ) 
cale exp°' 
1.00 
0.89 
0.97 
0.96 
0.36 
0.45 
0.28 
0.33 
0.14 
0.15 
1.10 
0.83 
1.02 
1.14 
0.41 
0.51 
0.08 
0.10 
I 1.64 
i 0.90 
i 0.30 
| 0.18 
1 0.08 
1 1.64 
| 0.67 
| 0.33 
1 0.17 
ЗІ 
62-
6Î 
4Í 
< 
5J 
5Γ 
64" 
64
+ 
Ti 
°5 
55-
6Γ 
65
+ 
7¡" 
7+ 
'7 
»•(ir -* ІД) 
0.02 
0.05 
0.48 
2.31 
1.76 
0.04 
0.02 
0.05 
0.01 
0.04 
0.01 
0.67 
0.74 
0.09 
0.12 
0.06 
0.09 
0.52 
Дп(Л) 
cale 
0.03 
0.03 
1.52 
1.27 
0.78 
1.02 
0.04 
0.04 
0.03 
0.02 
0.39 
0.29 
0.37 
0.46 
0.08 
0.09 
0.33 
0.27 
ехр°) 
1 0.21 
j 0.83 
j 0.64 
1 0.18 
1 0.12 
| 0.22 
| 0.31 
| 0.16 
} -
о) The experimental values from Ref. [8] are multiplied by 0.93. 
D. Integral cross sections for і Нз-Не 
The ICSs for ortho and рага РШз-Не are listed in Tables 5 and 6. As 
indicated in the Tables, the values of the error Q are 23% and 45%, re­
spectively. It is remarkable to see that both for ΝΗ3-ΑΓ and for ІМНз-Не 
the error for the ortho species is about 25%, whereas the error for the 
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para species is about 43%. It is difficult to find an explanation for this 
difference. It is unlikely that the inaccuracies in the potential will have 
different consequences for the ortho and para species, and our CC calcu­
lations are equally well converged for the two species. In our previous 
study of NH3-A1·, in which we compared the theoretical ICSs with the 
experimental results of Тег Meulen [16], the errors for the ortho and para 
species were about the same for the empirical potential. It may be, there­
fore, that the ICSs from the present experiment are slightly less accurate 
for the para than for the ortho species. 
If we look at the individual cross sections, we see that the overall 
agreement is reasonable both for ortho and para ГШз-Не. As in the case 
of ΝΗ3-ΑΓ, the majority of the ICSs differ from the experimental values 
by less than a factor of 2. There are, however, a few ICSs that show 
a large discrepancy between theory and experiment. The ICSs to 63 , 
63 ,^ 62, 64, and 74 are all practically zero in the theory, whereas they 
differ significantly from zero in the experiment. A likely cause for the 
discrepancies is that the quality of the potential is insufficient to accu­
rately predict these small cross sections. We have already seen that our 
potential is incapable of predicting the rather subtle population changes 
of states that have both in and out scattering [3]. 
We already noted that in scattering calculations for ]ЧНз-Не it is very 
important to take the initial state preparation into account if one wants 
to make a comparison with experiment. Up to now we only included the 
first excited state in our correction. In this paper, we have investigated 
the effect of taking into account the lowest six states in the initial state 
preparation both for ortho and para NH3-He, instead of the lowest two. 
The initial population of these states was taken from Table 2 in Ref. [9]. 
Even though we introduce an error by taking all six initial states from 
the same computation, i.e., we give them different relative kinetic ener­
gies (see also the beginning of this section) we can get an idea of how 
important the effect is. The effect is most important on the cross sections 
to the four states that are now included, in the order of about 10%. The 
other states are hardly affected. We conclude, therefore, that for the 
given initial state populations it is not necessary to include more than 
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one excited state. 
5. Conclusions 
We have calculated state-to-state DCSs and ICSs for rotational excitation 
and inversion of NH3 by collisions with Ar and He using the CC method. 
In the calculations for ortho ІЧНз-Аг we have used an empirical and 
a scaled ab initio potential, for para NH3-Ar we have only used the 
empirical potential. The 1ЧНз-Не calculations were based on an ab initio 
potential. We compare our results to experimentally determined cross 
sections. 
For ortho ГШз-Аг we find that the DCSs obtained from the empirical 
potential are in closer agreement with the experimental DCSs than those 
obtained from the scaled ab initio potential. For the ICSs, however, the 
agreement with experiment is about the same for the two potentials. 
Both for ortho and para ΝΗ3-ΑΓ the empirical potential reproduces the 
features of the experimentally determined DCSs fairly well, and for both 
species the ICSs differ by less than a factor of two from the experimental 
ones. 
The computed DCSs for ortho ГШз-Не are in accordance with the 
experiment, for the para species some of the relative magnitudes of the 
calculated DCSs deviate from those in the experiment. Both for ortho 
and para ІЧНз-Не most of the ICSs differ by less then a factor of 2 from 
the corresponding experimental ICSs. However, for both species there 
are a few small ICSs that deviate significantly from their experimental 
value. It is likely that the discrepancies for NH3-He are caused by the 
fact that the potential is not sufficiently accurate. 
Both for NH3-Ar and ГШз-Не we find that the angular dependence 
and the relative magnitudes of the DCSs depend strongly on the energy. 
A decrease in energy reduces the variation of the DCSs with the scattering 
angle, especially at intermediate angles. Scattering calculations should 
therefore be performed at the same energies as the experiment to enable 
a meaningful comparison. 
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Finally, we have assessed that it is sufficient to take only the first 
excited state, which is the dominant contamination, into account when 
making the correction for the initial state preparation in the experiments 
to which we compare our results. 
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1. Introduction 
Van der Waals complexes provide important model problems for under­
standing energy transfer and relaxation [1]. Van der Waals complexes 
have also attracted interest because they provide a direct probe of inter-
molecular forces [2,3]. 
In recent years, the argon-ammonia system has been the subject of 
intense experimental and theoretical investigation. Some of the reasons 
for this are the soft internal inversion (umbrella) mode of NH3, which 
can couple to the intermolecular vibrational modes, and the ability of 
the NH3 subunit to undergo nearly free internal rotation within the com­
plex. From an experimental point of view, a variety of spectroscopic 
techniques has been used: microwave [4,5], millimeter wave, [6] and far 
infrared [7,8,6] to examine the internal rotor levels of the complex derived 
from the lowest few rotation-inversion states. Fraser et al. [9] have estab­
lished limits to the 1/2 excited state lifetime from a measurement of in­
frared spectral linewidths. Recently, Grushow et al. [10] reported a study 
of the states of Аг-ІМНз derived primarily from the j — 2, к = ±1 states 
of free ammonia, improving the determination of the angular Аг-ГШз 
interaction potential. And, finally, Schmuttenmaer et al. [11] have ob­
served eight more intermolecular vibrational states of ΑΓ-ΝΗ3 by tunable 
far infrared spectroscopy, and determined the complete three-dimensional 
intermolecular potential energy surface. Two relevant non-spectroscopic 
studies of ΑΓ-ΝΗ3 have been reported as well. Schleipen et ai. [12] have 
measured the state-to-state cross sections for rotational excitation of Or­
tho and para NH3 by Ar, which are very sensitive to the anisotropy in 
the repulsive part of the intermolecular potential energy surface. And 
Schramm et al. [13] have measured the second virial coefficients which 
relate to the well depth. 
From the theoretical point of view, Bulski et al. [14] have determined 
an ab initio potential energy surface for the interaction of Ar with NH3. 
Using this potential energy surface, Van Bladel et al. [15] have deter­
mined the Van der Waals rovibrational states of the ΑΓ-ΝΗ3 dimer for a 
total angular momentum J = 0 to 3, not including inversion tunneling. 
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They found that, as inferred from experiment, the NH3 monomer exhibits 
nearly free internal rotations within the complex. However, the Van der 
Waals vibrations show characteristic differences from free internal rota­
tions. In particular, there is a strong mixing between the fundamental 
stretch vibration of the dimer and the lowest bending mode. Using these 
results, they were able to assign the only band in the far infrared region 
that had been observed at the time to the lowest, primarily bending, 
mode, and to predict further transitions in the far infrared region. In 
a following publication [16], Van Bladel et al. introduced the tunneling 
inversion of the NH3 monomer by means of a simple model, based on 
the separation of the inversion tunneling motion (frequency ~ 0.8 c m - 1 ) 
and the Van der Waals modes (frequencies ~ 20 c m - 1 ) , to generate the 
vibration-rotation-inversion spectrum of ΑΓ-ΝΗ3 (up to J = 15). They 
observed that the uio(-R) and изз(і?) terms in the anisotropic expan­
sion of the potential were especially important and proposed scaling the 
^зз term to obtain a good agreement between the computed and mea­
sured far-infrared and microwave frequencies of ortho and para ΑΓ-ΝΗ3. 
Finally, the same authors [17] have explicitly included the umbrella coor­
dinate which corresponds to the v2 vibration and the inversion tunneling 
of the NH3 monomer in the calculation of the Van der Waals states of Ar-
NH3 derived from the monomer vibration-inversion | v<i ± ) states with 
V2 = 0 and 1, where V2 denotes the number of quanta in the 1/2 vibra­
tion. As expected, they found very little interaction between the v-i = 0 
and V2 = 1 states, and good agreement with their earlier approximate 
model for the | 0 + ) and | 0 — ) states. However, since for v-¿ = 1 the 
tunneling frequency is of the order of 35 cm - 1 , the | 1+ ) and | 1 — ) 
states are more strongly coupled to the intermolecular motions. Com-
paring with the experimentally measured [9] V2 = 1 «— 0 infrared band 
of ΑΓ-ΝΗ3, they concluded that the umbrella coordinate dependence of 
the ab initio intermolecular potential might still be improved. Van der 
Sanden et al. [18] have used both the ab initio and the scaled potentials 
to study rotational excitation and inversion of NH3 by collisions with 
Ar. They found that the scaled potential gave better agreement with the 
experimental data of Ref. [12] than the ab initio potential, implying that 
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the anisotropy of the ab initio potential was too small. 
Apart from the potential from Bulski et al. used in the previously 
described studies, other calculations have been performed to investigate 
the ΑΓ-ΝΗ3 potential energy surface. Chalasinski et al. [19] determined 
two cuts through the potential surface from 06 initio calculations in 1989. 
Tao and Klemperer [21] also carried out an ab initio study and calculated 
a large number of points on the surface using M0ller-Plesset perturbation 
theory up to 4th order (MP4). However, the only other complete ana­
lytical potential energy surface available up to now has been determined 
recently by Schmuttenmaer et al. [20] from a least-square fit to 61 far 
infrared and microwave vibration-rotation-tunneling measurements and 
temperature-dependent second virial coefficients. Since the latter poten­
tial does not depend on the NH3 1/2 vibration coordinate we have used 
the potential of Bulski et al. and the scaled variation proposed by Van 
Bladel et al.. 
In this work, we are interested in the vibrational predissociation of 
the Ar-NH3 dimer excited to the v^ = 1 vibrational level of NH3 in the 
ground electronic state. We test the predictions of both the ab initio 
and the scaled potentials for the experimentally measured linewidth (for 
the lowest ortho J = 1, Ω = 1 quasibound state). We also study the 
vibrational predissociation from the J = 0 and from the J — 1, Ω = 0, 
± 1 , ortho and para complex in different Van der Waals states with г>2 = 1, 
for both potentials. For this we solve the quantum mechanical problem 
including both even (+) and odd (—) tunneling functions explicitly, the 
j/2 vibration of NH3 within the framework of the Golden Rule, and the 
rotation of NH3. For the J = 1 level we apply the Coriolis decoupling 
approximation, after testing for its validity. We obtain the linewidths 
of the initial quasibound states, and the final NH3 | 0 ±, j , к ) tunneling-
rotational distribution. We discuss the results as a function of the nature 
of the initial quasibound states, and examine the influence of overall 
rotation and the role of the potential. The method is presented in Section 
2, with computational details in Section 3. Section 4 is devoted to the 
results and Section 5 to the discussion. Finally, the conclusions of this 
study are given in Section 6. 
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2. Methodology 
In the calculation of the vibrational predissociation of Van der Waals 
complexes, the Golden Rule approximation has proved to be very accu­
rate [22]. The main reasons for the validity of this approximation are 
the following. Due to the large difference between the frequencies of the 
intra and intermolecular modes, the NH3 vibration can be separated at 
first order from the other degrees of freedom. Another consequence of 
this frequency mismatch between the NH3 and the Van der Waals modes 
is that vibrational predissociation is relatively inefficient. Hence this pro­
cess can be described as the decay of a quasibound state where NH3 has 
one quantum of vibration and the Van der Waals modes are in a given 
level n, to a continuum state at the same total energy where the vibra­
tional energy of NH3 has been transferred to the Van der Waals degrees 
of freedom, causing the dissociation 
Ar-NH3 («a = 0) - ^ Ar-NH3 («2 = 1, n) 
- ^ A r + NH3(t;2 = 0 > j , * ! l ± ) . 
In the framework of the Golden Rule approximation, the partial width as­
sociated with vibrational predissociation from an initial quasibound state 
I фь ) to a final dissociative continuum channel with rotational quantum 
numbers (j, k) and tunneling symmetry (±) for NH3, | ф3к, ± ), is given 
by 
I W = 7r|(Vb \W\ ф]к±)\\ (2) 
where W is the operator which couples the quasibound state with v-i = 1 
to the continuum channels with «2 = 0, and the continuum functions are 
energy- normalized. 
We have studied the vibrational predissociation of the ground , first 
and second excited Van der Waals levels for J = 0, and of the ground and 
first excited Van der Waals levels for J = 1 (J being the total angular 
momentum of the system). The quasibound states of ΑΓ-ΝΗ3 have been 
calculated as in Ref. [17], except that Coriolis coupling was neglected 
for the J = 1 states. We use the ab initio potential of Bulski et al. [14], 
and a modification proposed by Van Bladel et al. to get better agreement 
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with the experimental infrared and microwave spectra [16]. We calculate 
the final continuum wave functions by integrating the coupled channel 
equations. 
We used three coordinate frames. The vector R, pointing from the 
center of mass of NH3 to the Argon atom, is referenced by its polar 
angles β and α in the space-fixed frame. The orientation of R defines 
the z-axis of the body-fixed frame (dimer frame). Rotating the body 
fixed (dimer) frame by the Euler angles φ, θ and 7, we obtain the NH3 
frame. The z-axis of this frame lies along the C3 axis of NH3 and one 
of the hydrogen atoms is in the xz plane, along the positive χ direction 
[15]. The monomer umbrella inversion coordinate ρ is defined as the 
angle between the C3 axis of NH3 and one of the N-H bonds. 
After separation of the center-of-mass motion, the Hamilton operator 
of the Аг-ГШз complex can be written as [16] 
Η = Н
итЪ
(р) + Я
 а і
 (7, θ, φ, R, β, α, ρ) , (3) 
where i/Umb is the Hamiltonian for the umbrella motion of ammonia 
which depends on the coordinate p. This Hamilton operator describes 
both the fast 1^2 umbrella vibration and the slow inversion tunneling [23]. 
The tunneling states of NH3 are labeled by the parity of their wave func­
tion under reflexion with respect to the symmetry plane with Я = § · This 
notation is combined with that of the 1/2 vibration, which corresponds 
to the "umbrella" vibrational mode. For instance, | 0 + ) designates the 
tunneling state with parity + and V2 = 0 (no excitation in the v2 um­
brella vibration). In NH3, the height and width of the barrier are such 
that the | 0 + ) and | 0 — ) states are very close in energy (relative to the 
bottom of the double well potential 512.7670 c m - 1 and 513.5604 c m - 1 , 
respectively) whereas | 1 + ) and | 1 — ) are more separated (1445.4135 
c m
- 1
 and 1480.6318 c m - 1 , respectively) [17]. 
The Van der Waals Hamiltonian can be written as [16] 
ft*. - Х>МЙ + ¿ # ' +? - tf· Л - да«
 (4) 
+ Vint (Я,0, у»,/»). 
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In Eq. (4) the first term is the rotor Hamiltonian for NH3 (symmetric 
top Hamiltonian) with rotational constants Αχ (λ = χ, y, ζ) that depend 
on the umbrella coordinate p, and j \ are the components of the NH3 
angular momentum in the NH3 frame. The second term describes the 
overall rotation of the complex (including Coriolis coupling), μ being 
the reduced mass of the complex and J the total angular momentum 
operator of the complex. The third term is the kinetic energy for the 
intermolecular coordinate R. The last term, V¡nt (R, θ, φ, ρ), is the 
intermolecular potential calculated ab initio by Bulski et al. [14] or its 
scaled variation [16]. We use its expansion [14] in normalized tesserai 
harmonics (real spherical harmonics), Si
m
, with m nonnegative because 
the potential is an even function of φ 
Vint(Ä,0, γ?,ρ) = ^2(-l)mvlm{R,p)Sim{9^), (5) 
l,m 
where Si
m
 is defined as 
с (α \ ίγ^{θ,φ) ifm = 0 
'
m ( ,φ)
 ~ l ¿=2{(-іГУіт( ,<р) + Υι,-„(θ,φ)} if m > 0. 
Due to the threefold symmetry of the ammonia, only terms with m = 
0,3,6,... are present in the expansion of the interaction potential in 
Eq. (5) [14]. The coefficients vi
m
 (R,p) were calculated at different 
points of a grid in R in Ref. [14], and cubic-spline interpolated for our 
calculations. 
We used the same angular basis set as Van Bladel et al. in their bound 
state calculation [15] 
<е^7|.Шад='И + 1 > < " + 1 > 1 1 / 2 
32π3 
xD£
n
(a,/?,7)0&(O,0> ¥O, 
(6) 
where D are Wigner rotation functions [24], Ω is the quantum number 
associated with the projection of the total angular momentum J onto 
the body fixed (dimer) frame z-axis, к is the quantum number associated 
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with the projection of j onto the NH3 frame z-axis and M is the quantum 
number associated with the projection of J onto the space-fixed frame 
z-axis. Both J and M are good quantum numbers for the complex. If we 
neglect Coriolis coupling interaction, Ω is also a good quantum number. 
The molecular symmetry group for Аг-ГШз described by the Hamil-
tonian in Eq. (3) is the permutation-inversion group PI(D3/j) [16]. The 
states of the complex are either ortho (with A'2 or A'¿ symmetry and a 
spin statistical weight of 12) or para (with E' or E" symmetry and a spin 
statistical weight of 6). 
The matrix elements of the Van der Waals Hamiltonian (Eq. (4)) in 
the angular basis set (Eq. (6)) are [15,25] 
( J'M'ttj'k' \H\ JMttjk ) = 
l[Ax(p)j(j + l) + {Az(p)-Ax(p)}k' Sjj'Skk'unti' 
- CfnCJil ¿Ω',Ω+1 - C~
n
Cj
n
 ¿Ω',Ω-1 
_ [JL2 d2 
Sjj-Skk' 
i 2μβ dB? R 
S]]>Skk'öcm> 
where 
and 
+ / , Vlm(R, Ρ) 9lm(j'yj, к', к, Ω) δηη> >SJJ>6MM' , 
l,m J 
cfn = [iü + i ) -n («±i ) ] 1 / 2 , 
(2j' + l)(2¿ + l)(2Z + l)- |1 /2 
9imU',J,k',k,n) = (-lf-k'+m 
* ( - Ω ó á) [<-*>-(i 
8π(1 + ¿m0) 
l 3 
m к + —к' —τη к 
(7) 
(8) 
(9) 
The last terms in parentheses in Eq. (9) are Wigner 3j symbols [24]. 
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The tunneling basis functions are only coupled by the intermolecular 
potential and by A\(p). As in the study of the NH3 umbrella motion 
in the Аг-ІЧНз dimer by Van Bladel et al. [17], the inversion coordinate 
was explicitly taken into account with the basis ( ρ \ V2 ± ) of eigenstates 
of HUmb{p)· The matrix elements of A\(p) between basis functions with 
V2 = 0 and V2 = 1 are small (see Table 1) and the energy gap between 
these states is very large (« 950 c m - 1 ) , hence we may neglect these 
off-diagonal matrix elements [17]. Because of symmetry properties with 
respect to inversion, the matrix elements of the intermolecular potential 
in this basis set obey 
(«2 ± I vlm{R,p) I v2 ± ) = 0 for / + m odd, (10a) 
(v'2 ± I vim (R, p) I V2 Τ ) = 0 for / + m even. (10Ò) 
Because the coupling between the initial quasibound state and the 
final dissociative states in Eq. (2) is weak, we applied the Golden Rule 
approximation to obtain the vibrational predissociation lifetime and the 
final rotational state distribution of the NH3 fragment [26]. In the frame-
work of the Golden Rule approximation, the partial width associated 
with vibrational predissociation from an initial quasibound state | фь ) 
to a final dissociative continuum channel with NH3 rotational quantum 
numbers j , k, and tunneling parity ±, | ф}к± ), is given by Eq. (2), where 
the final continuum wave function is to be calculated at the same total 
energy as the initial quasibound state. Due to the high frequency of the 
IAJ vibrational mode, the wave function гръ for the initial quasibound state 
Ar-NH3(ü2 = 1) and the energy-normalized wave function | V'jfci ) for 
the final continuum state Ar + N R ^ Î ^ = 0, j , к, ±) are eigenfunctions of 
[27] 
HV2V2= Σ I V2P')(v2p'\H\v2p){v2p I (11) 
P=± 
p'=± 
with V2 = 1 for the quasibound state and v2 = 0 for the continuum 
wave function. As mentioned above, the continuum wave functions were 
expanded in the angular basis set of Eq. (6). The resulting coupled 
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equations were solved by the De Vogelaere integrator [28]. Finally, the 
coupling W responsible for vibrational predissociation is 
W= Σ I lp')(lp'\H\0p)(0p\ . (12) 
p=± 
p'=± 
The partial widths Гь3к± in Eq. (2) are proportional to the probability 
of the quasibound state of Аг-ГШз decomposing to yield a particular 
final state (0±, j , k) of the NH3 monomer. The total width is given by 
the sum: 
Tb = Y,Tb]k± = n
y£\(Tpb\W\^k±)\2 (13) 
from which the vibrational predissociation lifetime of the quasibound 
state is deduced 
* - & · ( 1 4 ) 
and the final rotational-tunneling state distribution of the NH3 fragment 
is given by 
Pb]k± =
 Τ
-ψ± . (15) 
Lb 
In Eq. (7), the off diagonal terms in Ω are due to Coriolis coupling 
(off-diagonal terms due to j • J). In the bound state calculations of Van 
Bladel et al. [15], this coupling has been shown to give corrections to the 
energy of the J > 0 quasibound states (for J = 1 the largest one is 0.03 
c m
- 1 ) which are very small with respect to the kinetic energy in the 
continuum channels. The amount of mixing between Ω = 0 and Ω = ± 1 
is sufficient to perturb the intensities of the para |Ω| = 1 —>· 1 transi­
tions, but this is because the |Ω| = 1 —> 1 transition is much weaker 
than that from |Ω| = 0 —> 1 [16]. The percentage of mixing remains 
very small in the quasibound states. On the other hand, neglecting this 
coupling in the collisional excitation of NH3 with Ar led to significant 
errors [18]. However, in a photodissociation event the number of J pop­
ulated is much smaller than in a collision, especially if the experiment is 
performed in a supersonic expansion. In order to check to what extent 
Coriolis coupling affects the results of the vibrational predissociation, we 
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have performed two calculations, one including and the other neglecting 
off-diagonal Coriolis coupling in Eq. (7). In the first case, only J and 
M are good quantum numbers. In the second case (helicity decoupling 
approximation) [22,29], Ω is also a good quantum number since the only 
coupling between channels with different Ω values was due to the Coriolis 
terms. 
3. Computational aspects 
The following masses were used in the calculations: m A r = 39.9627 amu, 
mN = 14.0031 amu, and mH = 1.0078 amu. The matrix elements of 
the rotational constants of NH3 over the eigenfunctions of Н
ит
ъ(р) are 
displayed in Table 1, as well as the energies of the | vi ± ) levels (from 
Ref. [17]). 
Table 1 
NH3 rotational constants ( c m - 1 ) and vibration-inversion tunneling state energies 
(the reference energy EQ is the average energy of the NH3 | 0 + ) and | 0 — ) 
states). 
{v2p 
(0 + 
( 1 + 
(o-
( i -
( 1 + 
( i -
Αχ 
Αχ 
A
x 
Αχ 
Αχ 
Αχ 
Αχ 
V2P) 
0 + ) 
0 + ) 
о - ) 
o-> 
1 + ) 
i - > 
λ = x,y 
10.0209 
0.3079 
10.0188 
0.3117 
10.1541 
10.0878 
\ = z 
6.3109 
-0.3819 
6.3133 
-0.3900 
6.2235 
6.2993 
1 v2p) 
| 0 + ) 
|o-> 
| i + > 
| i - > 
№ 
Energy (cm *) 
= 513.1637 cm- 1 ) 
-0.3967 
0.3967 
932.2498 
967.4681 
The continuum wave functions were determined by integrating the 
coupled channel equations from R = 3 Â to R = 10 Â by steps of 0.011 
À, and were asymptotically matched to sine/cosine functions. 
The expansion of the interaction potential in Eq. (5) was given in Ref. 
[14] with 15 terms (I < 7 and m < 6). The coefficients (v'2p'\vim \v2p) 
(v2 = 0 or 1, ρ = ±) are calculated [14] at 33 grid points in R (from 2 to 
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Table 2 
Vibrational predissociation lifetimes and widths (HWHM) of the ΑΓ-ΝΗ3 (v2 = 1) qua-
sibound states calculated with the ab initio (ab) and scaled (sc) potentials, and assign­
ment. For the nature of the quasibound states, see Table IV. For the Π states we have 
listed the inversion symmetry of the Ω = 1 component; for the Ω = — 1 component it is 
reversed. Γ (MHz) were calculated as Γ (MHz) = с Г ( с т _ 1 ) . 
J state Energy т
аЬ
 Т
аЪ
 Energy r
s c
 T
sc
 assign-
(cm- 1) (ns) (MHz) (cm- 1) (ns) (MHz) ment") 
ortho 
0 
1 
0 
1 
0 
1 
1 
1 
0 
1 
0 
1 
0 
1 
1 
1 
Σ ( 1 0 + 
Σ ( 1 0 + 
Σ(00 
Σ(00 
Σ ( 1 0 + 
Σ ( 1 0 + 
Π(1 0 + 
Π(1 0 + 
para 
Σ (It 
Σ(1+ 
Σ (If 
Σ(1+ 
Σ(1-
Σ(1Γ 
Π (1+ 
Π(1+ 
Vs 
Vs 
v
s 
Vs 
v„ 
Vs 
Vs 
Vs 
Vs 
V
s 
Vs 
Vs 
Vs 
Vs 
v
s 
Vs 
= 0) 
= 0) 
= 0) 
= 0) 
= 1) 
= !) 
= 0) 
= 1) 
= 0) 
= 0) 
= 1) 
= 1) 
= 0) 
= 0) 
= 0) 
= 1) 
[A'i) 
(A'2) 
(A'i) 
(A2) 
(40 
(A'2) 
№") 
{A'2/") 
(E>) 
(E") 
(E') 
(E") 
(E") 
(E') 
(E'l") 
(E'l") 
873.99351 
874.18005 
892.34323 
892.52151 
904.85400 
905.02552 
875.17474 
903.05966 
870.15120 
870.33728 
895.86338 
896.03874 
901.17570 
901.36600 
871.00765 
896.64082 
372.9 
373.3 
319.1 
319.2 
42.39 
42.21 
212.9 
19.36 
193.4 
201.8 
31.72 
31.61 
79.22 
80.50 
380.0 
48.15 
0.213 
0.213 
0.249 
0.249 
1.877 
1.885 
0.374 
4.110 
0.411 
0.394 
2.509 
2.517 
1.005 
0.989 
0.209 
1.653 
871.63906 
871.83109 
887.27367 
887.45991 
902.47299 
902.65018 
865.35037 
891.72627 
857.65263 
857.85623 
885.18257 
885.36688 
889.41420 
889.61998 
863.50061 
885.33193 
124.8 
126.3 
54.04 
54.19 
23.35 
23.35 
14.94 
6.07 
10.46 
10.47 
5.64 
5.64 
14.31 
14.40 
18.91 
7.87 
0.638 
0.630 
1.473 
1.468 
3.408 
3.408 
5.326 
13.11 
7.608 
7.601 
14.11 
14.11 
5.561 
5.526 
4.208 
10.11 
3' 
3' 
0' 
0' 
2' 
2' 
la ', 16' 
4a', 46' 
0a' 
0a' 
3a' 
3a' 
06' 
06' 
la', 16' 
2a', 26' 
a) Rcf. [17] 
16 Â) and cubic-spline interpolated. According to Ref. [16] the ab initio 
potential has to be scaled to give good agreement with spectroscopic data 
for the bound ΑΓ-ΝΗ3 complex. This scaling consists in multiplying the 
short range parameter W33 in Eq. (5) by a factor of 1.43. In order to 
check the sensitivity of the results to the potential, we performed our 
calculations both for the original ab initio potential and for the modified 
("scaled") potential. 
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To check the effect of Coriolis coupling, we performed calculations 
including the off-diagonal terms for the ortho states with J — 1. For 
a converged calculation (j
ma
x = 16) neglecting Coriolis coupling gives 
an error of less than 0.09 for the percentage of the individual final state 
population and of 0.01 ns for the lifetime. We concluded that Coriolis 
correction can be neglected in our case (J = 0 or 1). 
We conducted Coriolis-decoupled calculations for J = 0 and 1, for 
both the ortho and para species. We investigated the vibrational predis-
sociation of the three lowest Van der Waals states with J = 0, Ω = 0 
and J = 1, Ω = 0, and of the two lowest Van der Waals states with 
J = 1 and Ω = ± 1 . Convergence in the solution of the coupled equations 
was obtained with j
ma
x = 17. The maximum number of coupled chan­
nels used was 194 for states with J = 0 (97 coupled channels per parity 
block) and 192 channels for states with J = 1 (96 coupled channels per 
parity block). The programs were executed on the CRAY C98 of IDRIS. 
A converged calculation took 9 minutes of cpu time. 
4. Results 
In Table 2 we present the vibrational predissociation lifetimes and 
linewidths for all the J = 0, Ω = 0 and J = 1, Ω = 0, ± 1 levels studied, 
calculated with the ab initio and the scaled potentials. In Tables 2 to 5 we 
label states with |Ω| = 0 and 1, by Σ and Π, respectively, in accordance 
with Fraser et al. [9]. To indicate which angular basis function jjjr, 
where ± corresponds to the even (+) and odd (—) inversion tunneling 
functions, gives the largest contribution to the eigenstate, we include it in 
parentheses, together with the quantum number v
s
 to denote the number 
of quanta in the Van der Waals stretch. This means that we designate 
the states, for instance, by Σ (ljj", v
s
 = 0). 
The lifetimes are very different, ranging from 6 ns to 380 ns. They 
change with the nature of the quasibound state (ortho or para, Van der 
Waals excitation), and with Ω, but not with J. They do not change with 
the sign of Ω since Coriolis decoupling is valid, hence we only give one 
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Table 3 
Average rotational energy for NH 3 in the final i)2 = 0 state, and detailed 
for the | + ) and | — ) states, after vibrational predissociation of the Ar-
NH3 (v2 = 1) complex, calculated with the ab initio (ab) and scaled (sc) 
potentials. All energies are in c m - 1 . For the Π states we have listed the 
inversion symmetry of the Ω = 1 component; for the Ω = — 1 component 
it is reversed. 
J 
0 
1 
0 
1 
0 
1 
1 
1 
0 
1 
0 
1 
0 
1 
1 
1 
state 
1)2 
ortho 
Σ ( 1 0 + , 
Σ ( 1 0 + , 
Σ(0 0 ", 
Σ(0 0 ", 
Σ ( 1 0 + , 
Σ ( 1 0 + , 
Π(1 0 + , 
Π(1 0 + , 
pana 
Σ (1Г, 
Σ (1Î, 
Σ(ΐί, 
Σ(ΐ ί , 
Σ(1Γ-
Σ(1Γ, 
π(ΐί, 
π (if, 
ν3 
а 
а 
ν, 
ν, 
v
s 
з 
Vs 
Vs 
ν, 
Vs 
а 
v
s 
Vs 
Vs 
Vs 
I 
= 0) 
= 0) 
= 0) 
= 0) 
= 1) 
= 1) 
= 0) 
= 1) 
= 0) 
= 0) 
= 1) 
= 1) 
= 0) 
= 0) 
= 0) 
= 1) 
υ 2 = 0 
301.3 
301.1 
243.9 
243.2 
107.0 
106.9 
329.6 
200.0 
327.2 
324.6 
212.7 
212.3 
413.1 
413.0 
280.0 
238.0 
(ЕтоЬІаЪ 
1 + ) 
325.5 
325.6 
346.3 
344.0 
101.9 
101.7 
213.4 
168.4 
464.6 
455.5 
196.6 
196.0 
500.7 
501.7 
299 0 
233.3 
l-> 
277.0 
276.5 
141.5 
142.3 
112.0 
112.1 
445.8 
231.6 
189.8 
193.6 
228.8 
228.6 
325.6 
324.2 
260.0 
242.8 
ι;2 = 0 
268.4 
268.0 
243.2 
243.2 
181.0 
180.6 
280.0 
238.4 
274.9 
273.8 
235.2 
235.2 
315.0 
314.1 
265.5 
267.1 
(ETOt)sc 
1 + ) 
222.8 
223.2 
324.2 
324.1 
107.0 
107.5 
258.1 
224.5 
305.7 
309.6 
280.0 
279.5 
207.2 
204.4 
284.7 
297.5 
I-) 
314.1 
311.8 
162.3 
162.3 
254.9 
253.7 
301.3 
252.4 
244.0 
237.9 
190.3 
190.9 
422.9 
423.8 
246.2 
236.6 
entry for Ω φ 0. They are also sensitive to the potential, the lifetimes 
for the scaled potential being shorter than those corresponding to the ab 
initio potential which is less anisotropic. 
Table 3 gives the average rotational energy of the NH3 fragment after 
dissociation for each parity of the final tunneling state. Like the lifetimes 
in Table 2, they are very sensitive to the nature of the quasibound state, 
to the value of Ω and to the potential, but not to the value of J. In 
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Table 4 
Characterization of the i>2 = 1 quasibound states calculated with the ab initio 
(ab) and scaled (sc) potentials: main contributions of the j * basis functions. 
For the Π states we have listed the inversion symmetry of the Ω = 1 component; 
for the Ω = — 1 component it is reversed. 
J 
0 
0 
0 
1 
1 
0 
0 
0 
1 
1 
state 
ortho 
Σ(1+, 
Σ(00-, 
ВД, 
π(ΐ+, 
π(ΐ+, 
para 
Σ (lí, 
Σ ( 1 + , 
Σ (1Γ, 
π ( ΐ + , 
π (іГ, 
а 
v„ 
Vs 
а 
ν. 
v„ 
ν, 
«. 
V
a 
v
s 
= 0) 
= 0) 
= 1) 
= 0) 
= 1) 
= 0) 
= 1) 
= 0) 
= 0) 
= 1) 
if 
main contributions (ab) 
0.82 1+, 0.16 0J 
0.25 1+, 0.72 0ô 
0.74 1+, 0.25 0ô 
0.95 1+, 0.04 3+, 0.01 2J 
0.92 1+, 0.06 3+, 0.02 2ô 
0.90 1+, 0.08 2+, 0.01 4+ 
0.69 1+, 0.29 2+, 0.06 4+ 
0.24 2+, 0.69 1J", 0.05 2J 
0.92 1+, 0.03 2+, 0.03 lj" 
0.45 l+,0.45 2+,0.07 2+ 
ií 
main contributions (se) 
0.70 1+, 
0.37 1+, 
0.52 1+, 
0.80 1+, 
0.85 1+, 
0.69 1+, 
0.82 1+ 
0.13 2+, 
0.73 1+ 
0.50 1+ 
0.26 0J 
0.53 0J 
0.45 0J 
0.16 3+, 
0.12 3+ 
0.24 2+ 
0.13 2+ 
0.61 l f 
0.15 2+ 
0.25 2+ 
0.02 3J 
0.08 3J 
0.02 3J 
0.01 2ô 
0.10 2J 
0.04 4+ 
0.02 4+ 
0.20 2J 
0.03 2+ 
0.16 2+ 
addition, the average rotational energy is not the same for the + and 
the - tunneling states of NH3, and the relative magnitude of these two 
energies also varies. 
Table 4 presents the characterization of the initial quasibound states, 
and Table 5 gives the percentage of + and — parity of the NH3 tunneling 
states before and after dissociation. Since the Σ states with J = 1 
have the same characterization as the Σ states with J = 0, and give 
the same final proportion of + and — tunneling states, we omitted the 
corresponding entries in Tables 4 and 5. Except for the ortho Σ states, 
and for the Σ para states which have mainly an odd inversion tunneling 
character, the quasibound states have a well-defined parity with respect 
to inversion of NH3. However, this character tends to be lost during the 
dissociation, as can be seen in Table 5 where the proportions of +/— 
final states are almost all between 40 and 60 %, with many levels leading 
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Table 5 
Percentage of the +, — parities before and after vibrational predissociation 
for the 06 initio (ab) and scaled (sc) potentials. For the Π states we have 
listed the inversion symmetry of the Ω = 1 component; for the Ω = — 1 
component it is reversed. 
J 
0 
0 
0 
1 
1 
0 
0 
0 
1 
1 
state 
V2 = 1 
ortho 
Σ ( ΐ ί , « . = 0) 
Σ ( 0 ί , » . = 0) 
Σ (if, w. = 1) 
Π (If, υ, = 0) 
π ( ΐ + , υ. = i) 
para 
E ( l f , t ; . = 0 ) 
Σ(ΐ ί- , ι/ . = 1) 
Σ ( 1 Γ , ι » . = 0 ) 
n(if,«. = o) 
n(if,«. = i) 
(±U 
initial 
82.6 % + 
74.3 % -
74.8 % + 
98.4 % + 
98.1 % + 
98.4 % + 
99.1 % + 
74.7 % -
96.1 % + 
97.9 % + 
(±)«ь 
final 
55.5 % + 
59.9 % + 
53.3 % -
62.0 % -
53.9 % + 
68.8 % + 
56.8 % + 
59.2 % + 
55.7 % + 
53.7 % + 
(±).c 
initial 
71.0 % + 
62.5 % -
53.7 % + 
98.3 % + 
99.5 % + 
98.4 % + 
99.5 % + 
84.9 % -
96.9 % + 
94.4 % + 
(±).c 
final 
59.8 % -
56.4 % + 
67.7 % -
52.1 % -
51.4 % + 
55.5 % + 
58.5 % + 
67.9 % -
52.9 % + 
55.1 % + 
to near equipartition. Some levels that were originally almost purely one 
given parity can even give a larger proportion of the opposite parity in 
the final states {e.g. the Π (1Q , v
s
 = 0) ortho state). 
In Tables 6 and 7 we present the final rotational state distributions 
for the NH3 fragment from all the initial ortho and para states, respec­
tively. Some selected state distributions are displayed in Figures 1-3. 
Figure 1 corresponds to the ortho П(1о", v
a
 = 0) state, for which the 
lifetime has been experimentally studied. Figures 2 and 3 present the 
NH3 rotational state distribution for the para Σ (IJ", v
s
 = 0), which is 
remarkably selective. Some selection rules appear for the quasibound Σ 
states and will be given in next section devoted to the discussion of the 
results. In this section, we also show that some trends can still be found, 
and the comparison with the experimentally determined lifetimes will be 
discussed. 
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Table 6 
Final j * rotational state distribution of the NH3 fragment following vibrational pre-
dissociation of Аг-МНз(г>2 = 1) in the orí/го states calculated with the ab initio and 
the scaled potentials ƒ stands for forbidden channels and с for closed channels 
ab initio potential scaled potential 
final 
Jl 
<tf 
00 
lo+ 
lo" 
2+ 
2Ö 
3+ 
ö3 
31 
4+ 
Зо" 
4з+ 
4з" 
4+ 
4о" 
5Î 
5з" 
5 Í 
53-
66+ 
66" 
6з+ 
6з" 
6о+ 
60 
7+ 
' 6 
Ч 
0 Σ 0 Σ 0 Σ 1 П 1 П 
(1+,0)(0 0 -,0)(1+,1)(1+,0)(1+,1) 
ƒ 
0 9 
1 7 
ƒ 
ƒ 
0 
ƒ 
1 5 
1 1 
ƒ 
18 
ƒ 
ƒ 
0 9 
ƒ 
3 1 
18 
ƒ 
ƒ 
2 0 
4 2 
ƒ 
/ 
0 2 
18 
ƒ 
ƒ 
5 2 
7 2 
ƒ 
ƒ 
14 
ƒ 
2 9 
2 0 
ƒ 
12 
ƒ 
ƒ 
4 5 
ƒ 
9 5 
2 0 
ƒ 
ƒ 
0 6 
3 5 
ƒ 
ƒ 
4 9 
1 3 
ƒ 
ƒ 
14 0 
15 7 
ƒ 
ƒ 
19 
ƒ 
16 7 
7 3 
ƒ 
10 6 
ƒ 
ƒ 
2 6 
ƒ 
5 2 
1 1 
ƒ 
ƒ 
10 
2 7 
ƒ 
ƒ 
0 3 
16 
ƒ 
-
-
14 
0 
0 
0 
0 6 
0 
0 1 
0 
0 
1 1 
0 
0 5 
16 
14 
2 3 
0 
0 6 
0 3 
5 7 
16 
0 
0 8 
0 2 
0 4 
-
-
3 1 
0 
0 
6 3 
15 4 
0 
10 5 
0 
4 2 
3 0 
0 
2 1 
0 3 
0 9 
10 
0 
0 1 
0 8 
0 7 
10 
0 
12 
2 8 
17 
0 Σ 0 Σ 
(1+,0) (00,0) ( 
ƒ 
0 7 
0 2 
ƒ 
ƒ 
1 6 
ƒ 
0 7 
2 0 
ƒ 
1 7 
ƒ 
ƒ 
17 
ƒ 
10 
5 5 
ƒ 
ƒ 
18 0 
2 4 
ƒ 
ƒ 
2 7 
3 7 
ƒ 
ƒ 
3 5 
3 2 
ƒ 
ƒ 
2 8 
ƒ 
5 4 
4 5 
ƒ 
2 0 
ƒ 
ƒ 
0 5 
ƒ 
3 6 
2 1 
ƒ 
ƒ 
8 4 
0 
ƒ 
ƒ 
3 9 
7 0 
ƒ 
0 Σ 1 Π 1 П 
1+,1)(1+,0)(1+,1) 
ƒ 
80 
42 
ƒ 
ƒ 
64 
ƒ 
13 8 
21 
ƒ 
8 7 
ƒ 
ƒ 
14 
ƒ 
15 
4 8 
ƒ 
ƒ 
97 
26 
ƒ 
ƒ 
18 
0 8 
ƒ 
-
-
18 
0 
0 
2 4 
10 
0 1 
1 3 
0 
0 9 
10 
0 
4 2 
21 
19 
0 2 
0 
4 0 
0 8 
2 3 
14 
0 
0 5 
0 6 
17 
-
-
3 9 
0 
0 
5 1 
3 3 
0 3 
5 5 
0 
22 
10 
0 
6 0 
22 
1 1 
12 
0 
4 6 
10 
0 4 
12 
0 
1 3 
0 9 
12 
- continued -
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Table 6 - continued -
ab initio potential scaled potential 
final 
ЗІ 
7+ 
' 3 
73" 
7+ 
70 
86
+ 
8e~ 
8з+ 
83" 
8o+ 
80 
99-
9+ 
96~ 
93
+ 
93" 
9+ 
90 
Щ 
lug 
0 Σ 0 Σ 
(i+,o)(o0-,o)( 
ƒ 
2.9 
11.3 
ƒ 
/ 
1.0 
22.7 
ƒ 
ƒ 
23.4 
ƒ 
1.6 
6.5 
ƒ 
ƒ 
6.9 
с 
с 
2.8 
ƒ 
ƒ 
0.5 
5.3 
ƒ 
ƒ 
2.2 
3.4 
ƒ 
ƒ 
1.5 
ƒ 
2.0 
31.0 
ƒ 
ƒ 
5.0 
с 
с 
2.9 
ƒ 
0 Σ 
ι ί , 1)1 
ƒ 
4.6 
1.9 
ƒ 
ƒ 
0.4 
4.6 
ƒ 
ƒ 
3.9 
ƒ 
2.0 
о.з 
ƒ 
ƒ 
0.7 
0 
ƒ 
0.9 
ƒ 
i n 
:io+-o)( 
0.1 
2.8 
6.1 
0 
1.2 
4.5 
5.3 
0.2 
0 
9.7 
1.1 
1.6 
8.3 
17.5 
2.4 
19.0 
с 
с 
0.9 
0.7 
1 Π 
if.i) 
0.5 
8.1 
0.3 
0 
2.8 
1.4 
0.4 
0.7 
0 
7.7 
2.3 
0.5 
3.7 
9.2 
4.8 
0.8 
0.8 
0 
0.1 
0.6 
0 Σ 0 Σ 
(1+,0)(0 0-,0)( 
ƒ 
5.2 
4.7 
ƒ 
ƒ 
2.6 
6.6 
ƒ 
ƒ 
7.5 
ƒ 
4.0 
10.0 
ƒ 
ƒ 
14.1 
с 
с 
3.3 
ƒ 
ƒ 
5.2 
3.5 
ƒ 
ƒ 
1.1 
5.5 
ƒ 
ƒ 
1.0 
ƒ 
3.1 
23.3 
ƒ 
ƒ 
5.2 
с 
с 
5.2 
ƒ 
0 Σ 
ΐοΜ)ι 
ƒ 
2.0 
3.7 
ƒ 
ƒ 
0.7 
1.3 
ƒ 
ƒ 
1.6 
ƒ 
3.6 
2.8 
ƒ 
ƒ 
17.1 
0.1 
ƒ 
1.0 
ƒ 
1 π 
І1о+-0)( 
0.4 
1.1 
5.8 
0 
4.6 
6.4 
12.4 
1.5 
0 
11.1 
1.8 
2.9 
7.2 
13.2 
с 
с 
с 
с 
1.5 
1.7 
1 П 
Мл 
0.3 
2.1 
3.3 
0 
4.5 
3.2 
10.1 
1.8 
0 
10.4 
2.4 
2.3 
5.0 
8.6 
0.6 
0 
с 
с 
1.1 
2.0 
5. Discussion 
A. Quasibound states 
One of the important parameters in the analysis of the results is the na­
ture of the initial quasibound state. In ΑΓ-ΝΗ3, only a few free internal 
rotor states are mixed. However, for v? = 1, the tunneling frequency is 
of the order of the Van der Waals frequencies so that the states of the 
complex can have mixing of the + and — components of the inversion 
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ТЬЫе 7 
Final j * rotational state distribution of the NH3 fragment following vibrational pre-
dissociation of Ar-NH3(^2 = 1) in the para states calculated with the ab initio and 
the scaled potentials, ƒ stands for forbidden channels and с for closed channels. 
aò initio potential scaled potential 
final 
li 
ιί 
1Г 
2+ 
2J 
2f 
2Г 
o 2 
32~ 
3f 
ЗГ 
44
+ 
44" 
4Í 
42-
4 Î 
4Г 
55
+ 
Ss-
SÍ 
5Í 
5Î 
52-
5Í 
5Г 
65
+ 
65" 
0 Σ 0 Σ 0 Σ i n 1 Π 
(1+.0) (1+,1) (1Г.0) (1+.0) (1Í.1) 
1.2 
ƒ 
0.2 
ƒ 
ƒ 
0 
ƒ 
0.2 
0 
ƒ 
0.3 
ƒ 
0.2 
ƒ 
ƒ 
0.4 
0.4 
ƒ 
ƒ 
2.9 
ƒ 
0 
1.7 
ƒ 
ƒ 
0.9 
2.9 
ƒ 
5.8 
ƒ 
ƒ 
5.9 
ƒ 
0.5 
9.2 
ƒ 
13.0 
ƒ 
0.8 
ƒ 
ƒ 
1.4 
0.8 
ƒ 
ƒ 
1.9 
ƒ 
0.4 
0.7 
ƒ 
ƒ 
1.2 
ƒ 
1.3 
ƒ 
0 
0 
ƒ 
0 
ƒ 
ƒ 
0 
ƒ 
0 
ƒ 
0 
0.2 
ƒ 
ƒ 
0.1 
0.2 
ƒ 
0 
ƒ 
ƒ 
0.1 
0 
ƒ 
2.3 
0.7 
0.3 
0.2 
0.3 
0 
0 
0.6 
0.5 
0.1 
0.3 
1.0 
1.2 
0.7 
1.0 
0.7 
0.4 
0.4 
1.5 
3.3 
0.9 
1.1 
0.8 
0.2 
0.8 
0.5 
3.1 
4.1 
1.9 
0.1 
3.8 
1.1 
1.8 
0.8 
1.2 
2.0 
6.7 
1.4 
0.7 
0.7 
4.0 
0.6 
0.4 
0.1 
1.4 
1.2 
0 
0.5 
0.3 
0.4 
0.1 
0.6 
0 Σ 0 Σ 0 Σ i n 1 Π 
(l+,0)(lf,l)(ir,0)(l+,0)(l+,l) 
1.1 
ƒ 
0 
ƒ 
ƒ 
1.5 
ƒ 
0.2 
0.9 
ƒ 
3.1 
ƒ 
0.7 
ƒ 
ƒ 
2.7 
3.9 
ƒ 
ƒ 
4.0 
ƒ 
0.3 
0 
ƒ 
ƒ 
4.0 
2.6 
ƒ 
0 
ƒ 
ƒ 
3.8 
ƒ 
0.5 
3.4 
ƒ 
8.2 
ƒ 
1.6 
ƒ 
ƒ 
4.4 
5.3 
ƒ 
ƒ 
3.7 
ƒ 
0.4 
0.5 
ƒ 
ƒ 
4.1 
ƒ 
1.0 
ƒ 
0 
1.1 
ƒ 
0.5 
ƒ 
ƒ 
1.3 
ƒ 
2.8 
ƒ 
0.4 
1.7 
ƒ 
ƒ 
4.2 
1.1 
ƒ 
0.4 
ƒ 
ƒ 
0.5 
2.4 
ƒ 
1.0 
0.7 
0 
0.5 
0.6 
0 
0.2 
0 
0.9 
2.7 
3.4 
0.3 
1.9 
0 
0.4 
1.0 
3.8 
0.8 
0.1 
3.5 
0.5 
1.2 
0.4 
1.8 
0.2 
1.5 
0.9 
1.2 
0 
0.4 
1.4 
0.3 
0 
0 
1.4 
3.1 
4.8 
0.2 
1.7 
0 
1.2 
0.6 
3.8 
0.1 
0.5 
1.8 
0.5 
0.9 
0.3 
2.4 
0.3 
2.0 
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Table 7 continued -
06 initio potential scaled potential 
final 
fk 
64+ 
64" 
6 Î 
62" 
6Í 
6Γ 
η 
7f 
η 
4 
7+ 
' 4 
ri 
7І 
72-
•n 
7Г 
8Í 
8e" 
8 Í 
87" 
*t 
85" 
8Î 
84~ 
8Í 
82" 
8f 
8Г 
0 Σ 
(if.o) ( 
6.3 
ƒ 
0.2 
ƒ 
ƒ 
0.5 
0.2 
ƒ 
2.9 
ƒ 
ƒ 
2.5 
ƒ 
0 
5.0 
ƒ 
0.1 
ƒ 
ƒ 
1.6 
ƒ 
11.4 
5.7 
ƒ 
1.3 
ƒ 
ƒ 
4.2 
0 Σ 
1ÍMM 
0 
ƒ 
0.7 
ƒ 
ƒ 
0.9 
2.1 
ƒ 
3.4 
ƒ 
ƒ 
5.8 
ƒ 
3.8 
0.2 
ƒ 
1.8 
ƒ 
ƒ 
2.7 
ƒ 
2.2 
0.2 
ƒ 
0.9 
ƒ 
ƒ 
7.1 
0 Σ i n 
1Γ.0) (l+,0) ( 
ƒ 
0.3 
ƒ 
0 
0.2 
ƒ 
ƒ 
0.5 
ƒ 
0 
0.9 
ƒ 
0.2 
ƒ 
ƒ 
1.4 
ƒ 
0 
0.2 
ƒ 
0 
ƒ 
ƒ 
4.4 
ƒ 
1.3 
3.2 
ƒ 
4.4 
0.3 
0.8 
0.5 
4.3 
0.1 
0.1 
0.2 
1.3 
0.7 
3.0 
1.4 
0 
0.3 
4.8 
3.3 
0 
0.2 
0.9 
1.2 
1.5 
2.7 
1.9 
0.8 
5.0 
1.1 
0.3 
8.7 
1 Π 
1Í.1) 
0.1 
1.3 
0.4 
1.8 
0.3 
0 
0.3 
0.8 
2.6 
0.8 
0.2 
0.3 
0.8 
0.8 
0 
2.2 
0.6 
0.5 
1.4 
0.6 
2.3 
2.0 
0.4 
5.2 
1.1 
1.2 
0 
0.3 
0 Σ 
( l f .0)( 
1.7 
ƒ 
0.2 
ƒ 
ƒ 
0.8 
0.2 
ƒ 
3.5 
ƒ 
ƒ 
2.4 
ƒ 
0.5 
8.2 
ƒ 
0.1 
ƒ 
ƒ 
2.3 
ƒ 
7.3 
19.6 
f 
5.8 
ƒ 
ƒ 
6.1 
0 Σ 0 Σ 1 Π 
1+,1)(1Γ,0)(1+,0)( 
0.6 
ƒ 
0 
ƒ 
ƒ 
1.1 
0 
ƒ 
4.1 
ƒ 
ƒ 
3.3 
ƒ 
0.6 
4.2 
ƒ 
0.7 
ƒ 
ƒ 
1.7 
ƒ 
7.6 
9.0 
ƒ 
2.4 
ƒ 
ƒ 
6.7 
ƒ 
0.1 
ƒ 
0.2 
0.9 
ƒ 
ƒ 
2.5 
ƒ 
1.1 
0.8 
ƒ 
0.1 
ƒ 
ƒ 
5.2 
ƒ 
2.0 
1.6 
ƒ 
1.6 
ƒ 
ƒ 
13.6 
ƒ 
4.4 
5.6 
ƒ 
2.0 
2.1 
0.3 
0 
1.9 
0.3 
0.2 
0.2 
0.8 
1.9 
3.1 
0.2 
0.2 
0.3 
1.2 
1.3 
0.1 
0.4 
0.7 
2.6 
3.6 
2.9 
3.9 
6.6 
0.8 
0 
1.1 
0.7 
i n 
ιί A 
0.7 
2.5 
0.4 
0.1 
0.8 
0.4 
0 
0 
1.2 
1.5 
1.9 
0.4 
0.6 
1.0 
0.6 
0 
0.1 
0.7 
0.5 
1.6 
3.5 
3.5 
4.7 
7.4 
0.4 
0 
0 7 
0.9 
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Table 7 - continued -
ab initio potential scaled potential 
final 
Ά 
η 
% 
9+ 
97-
9+ 
9¡" 
9 + 
94-
9 + 
92-
9 + 
9Γ 
10+ 
ЮГо 
10+ 
io8-
H + ! 
"Γι 
0 Σ 0 Σ 
( i + , o ) ( i + , i ) < 
ƒ 
0.8 
5.0 
ƒ 
27.3 
ƒ 
ƒ 
5.7 
с 
с 
с 
ƒ 
4.1 
ƒ 
6.7 
ƒ 
с 
ƒ 
ƒ 
1.4 
2.6 
ƒ 
6.7 
ƒ 
ƒ 
0.2 
0 
7.7 
с 
ƒ 
0.9 
ƒ 
2.5 
ƒ 
1.8 
ƒ 
0 Σ 
:іг.о)( 
0 
ƒ 
ƒ 
1.3 
ƒ 
7.5 
18.9 
ƒ 
34.9 
ƒ 
ƒ 
18.5 
ƒ 
3.1 
ƒ 
1.1 
ƒ 
0.8 
i n 1 Π 
1Í ,0)(1+,1) 
0 
0.6 
4.7 
2.2 
7.6 
7.7 
0.3 
1.1 
с 
с 
с 
с 
3.2 
1.0 
1.1 
1.0 
с 
с 
0 
1.3 
1.6 
0.3 
5.8 
0.9 
4.3 
0.7 
0 
10.9 
с 
с 
0.8 
0 
2.9 
0.1 
2.2 
0.3 
0 Σ 0 Σ 
(1+,0) (1+,1) ( 
ƒ 
5.8 
1.1 
ƒ 
3.7 
ƒ 
ƒ 
6.4 
с 
с 
с 
ƒ 
1.5 
ƒ 
с 
ƒ 
с 
ƒ 
ƒ 
3.1 
4.7 
ƒ 
7.3 
ƒ 
ƒ 
0.7 
с 
с 
с 
ƒ 
1.7 
ƒ 
1.7 
ƒ 
0.4 
ƒ 
0 Σ 
:іг,о) ( 
0.9 
ƒ 
ƒ 
3.2 
ƒ 
15.2 
3.0 
ƒ 
10.5 
ƒ 
с 
ƒ 
ƒ 
3.8 
ƒ 
2.6 
ƒ 
4.0 
1 П 1 П 
ií.o)(if,i) 
0.8 
1.9 
5.0 
0.8 
7.6 
10.3 
4.4 
0.2 
с 
с 
с 
с 
1.5 
0.1 
с 
с 
с 
с 
0.6 
1.9 
2.5 
1.4 
5.7 
3.7 
8.2 
4.4 
с 
с 
с 
с 
2.0 
0.1 
2.4 
0.3 
0.6 
0.2 
states. As stated above, our state labeling indicates the free rotor state 
jjjr of NH3 which has the most important contribution to the quasibound 
state, and which consequently determines the amount of bending excita­
tion, while v
s
 is the quantum number for the Van der Waals stretching 
mode. To indicate the importance of the contributions from the other 
zero-order states jjjr to the quasibound state, we list the main contribu­
tions in Table 4. 
B. Lifetimes 
As can be seen in Table 2, the lifetimes for vibrational predissociation of 
ΑΓ-ΝΗ3 can vary within two orders of magnitude. There are several ori-
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gins for these variations. The lifetimes are very sensitive to excitation in 
the Van der Waals degrees of freedom. In ΑΓ-ΝΗ3, Van der Waals exci­
tation leads to shorter lifetimes. The effect is stronger for the states that 
we assigned as stretching excited levels. For instance, the Σ ( l j , v
a
 = 1) 
ortho level for the ab initio potential has a lifetime is 42 ns, whereas the 
Σ (1Q", VS = 0) ortho level has a lifetime of 373 ns. Also, the lifetimes are 
very sensitive to the interaction potential, mainly through the coupling 
(Eq. 12). For the more anisotropic scaled potential, lifetimes are shorter 
than for the ab initio potential. However, the differences in lifetime, 
caused by the use of different potentials, show large variations depend­
ing on the initial state considered. The lifetime of the Σ (IQ", VS = 1) 
ortho state varies by about a factor of 2 between the ab initio (42 ns) 
and scaled (23 ns) potentials, while the Π (if, v
s
 = 0) para state lifetime 
varies by a factor of 20 (380 ns for the ab initio and 19 ns for the scaled 
potential). Another factor that could influence the lifetimes is the or­
tho/para nature of the initial quasibound state. There is no clear effect 
here. If we compare the Van der Waals states with the same assignment, 
the para Σ states have shorter lifetimes but the tendency is reversed for 
the Π states. No clear effect of the parity of the initial quasibound state 
could be deduced either, because most of the states studied have parity 
+, and the others are a mixture of + and —. 
The only state for which there is experimental information on the 
predissociation linewidth is the ortho state Π ( l j , v
s
 = 0). Fraser et ai. 
[9] give 2Γ < 1.5 to 3 MHz (note that the Г listed in our Tables are half 
widths at half maximum, HWHM, while Fraser et al. give full widths, 
FWHM) from infrared linewidth measurements and τ < 0.9 ms from the 
transit time between the IR excitation and bolometer detector regions. 
This would correspond to a lifetime 50 to 100 ns < r < 0.9 ms. The result 
we obtain with the 06 initio potential (213 ns) falls within this range, 
while the scaled potential gives a lifetime which lies just outside the 
lower limit (15 ns). It should be noted that the scaling was intended to 
give a better agreement with spectroscopic data (bound states), and was 
not intended to include also a p-dependence (which affects the lifetime). 
A third potential could be tested, in which only the зз(і?, p
e
) term 
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would be scaled and the p-dependent terms would not. However, this 
kind of adjustments needs more experimental data to have a chance of 
succeeding. 
C. Final state distribution 
Additional selection rules apply for the Ω = 0 case, both for ortho and 
para NH3. For the ortho states they are the same as for collisional excita­
tion of NH3 with Ar when NH3 is initially in the jk = Oo (hence Σ) state 
and the Coupled States approximation is used in the scattering calcula­
tions [18]. In scattering there are no such rules for the para states of NH3, 
because these start at jk = l i and their collisions with Ar involve both 
Ω = 0 and ± 1 . These rules (deduced with the help of Refs. [15] and [16] 
for instance) are the following. For the ortho states with A% symmetry 
or para states with E" symmetry in the PI {D$h) group, the coefficients 
of the quasibound state wave function and of the final continuum wave 
function Φ" obey 
(+JM n=0jk Ι Φ") = 0 if J + j + к even, 
(-JMfl=0jk\4f") = 0 if J + j + k odd, ^ 
For the ortho A'2 and para E' states these rules are reversed. The coef­
ficients of the wave functions cannot depend on the sign of к since the 
Hamiltonian in Eq. (4) only depends on j 2 z . Hence when presenting the 
final state distributions, the populations in к and —k are summed for the 
ortho states (the para states only involve к or —k). In addition, the re­
sults do not depend on the sign of Ω since within the Coriolis decoupling 
approximation the Hamiltonian only depends on Ω2 (only the non-inertia 
coupling forces depend on which direction the whole system is rotating 
about the intermolecular axis). It should be realized that these selection 
rules hold only when Coriolis coupling is neglected, so that Ω is a good 
quantum number. In reality they will not be strictly obeyed, but since 
the effects of Coriolis coupling are negligible (see above), they will be 
observable as propensity rules. 
The final rotational state distributions can be characterized by the 
average rotational energy of the NH3 product, as presented in Table 3. 
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Fig. 1 Final j¿" (left) and j¿ (right) rotational state distribution of the NH3 
fragment following vibrational predissociation of ortho Аг-ГШз(г>2 = 1) for the 
Π ( i j , vs = 0) (-^ 21-^ 2) quasibound state. The upper part is calculated with 
the ab initio potential [14], the lower part with the scaled potential [16]. 
About one third of the available energy goes into NH3 rotation. Depend­
ing on the initial quasibound state considered, this fraction can vary from 
10% (the Σ ( i j , VS = 1) ortho state for the ab initio potential) to 55% 
(the Σ (lj¡~, vs = 0) para state for the ab initio potential, for the | + ) final 
states). However, some trends still emerge if one considers at the same 
time the nature of the initial quasibound states given in Table 4. For 
instance, the states involving excitation in the Van der Waals stretching 
mode clearly give lower final rotational excitation. One could expect an 
effect from scaling the potential since the scaling increased the anisotropy 
(by multiplying the г>зз coefficient in the expansion (5) of the potential 
by 1.43). But the average rotational energy of the NH3 fragment calcu-
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Fig. 2 Final j¿" rotational state distribution of the NH3 fragment following 
vibrational predissociation of para Аг-КНз(г)2 = 1) for the Σ (ljf, v
a
 = 0) (£"') 
quasibound state. The upper part is calculated with the ab initio potential [14], 
the lower part with the scaled potential [16]. In the upper part the percentages 
of %2 and 9^ are multiplied by 5. The true percentages are as indicated. 
lated with the ab initio and scaled potentials are nearly identical (when 
averaged over all the initial quasibound states), even though they vary 
for the individual levels. 
As can be seen in Tables 6 and 7, the final rotational state distribu­
tions for the NH3 fragment are very different. One important feature is 
that none of them looks statistical, some being very selective (see the 
upper parts of Figure 2 and 3 for instance, showing the final rotational 
state distribution for the Σ ( 1 ^ , v
s
 — 0) para state with the ab initio 
potential, for which the channels that get most of the population are the 
highest energetically allowed, 9^ and 9^ for the states with + parity, 
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Fig. 3 Final ]ζ rotational state distribution of the NH3 fragment following 
vibrational predissociation of paro Ar~NH3(tJ2 = 1) for the Σ (1¡", va = 0) {E") 
quasibound state. The upper part is calculated with the ab initio potential [14], 
the lower part with the scaled potential [16]. 
and 9j^  for the states with — parity, these channels accounting for 70% 
of the population). The final state distributions are not determined by 
the initial rotational content of the quasibound state wave function, since 
this involved only very few jk levels with small values of the rotational 
quantum numbers (see Table 4). Looking for systematics in these distri-
butions will give us information on the role of physical parameters in the 
vibrational predissociation process. 
First we examine the effect of overall rotation by comparing disso-
ciation from the J = 0 and J = 1 quasibound Σ and Π states. As 
mentioned before in the Results section, the exact value of J does not 
affect the dynamics for low values of J (the lifetime and final rotational 
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state distributions are very similar for corresponding Σ states with J = 0 
and 1). The role of Ω is more complex, since Ω is also the projection of 
j on the intermolecular axis. For the ortho initial quasibound states, if 
one is careful to compare states with the same nature (for example, the 
E(1Q", v
a
 = 1) ortho state with the ab initio potential should be com­
pared with the I I ( 1 Q , v
s
 = 1) ortho state since they both correspond 
to stretching excitation), then it can be seen that the main channels 
showing up in the final state distribution are in general the same (but 
there are some spectacular exceptions), although their contributions to 
the final state distribution have different relative magnitudes. In some 
cases, channels that are very important for the decay of the quasibound 
Π state do not show up for the Σ state because they are not allowed. 
This is not so clear for the para states, where exciting |Ω| from 0 to 1 
seems to perturb much more the NH3 final state distribution. 
Some similarities can also be found when one compares some of the 
Van der Waals states within the same series. For instance, the similarity 
between the final state distributions from the two ortho quasibound Π 
states with the scaled potential are striking. In this case, excitation in 
the Van der Waals stretching mode does not modify the rotational state 
distribution of the NH3 fragment, although the lifetime is shortened (from 
15 to 6 ns). Stretching excitation does not change much the rotational 
distributions with both the scaled potential and the ab initio potentials, 
except that the lower j channels seem to gain more population. However, 
in the case of the ortho Π states with the ab initio potential, which also 
only have a different stretch excitation, the correlation between the final 
rotational state distributions is not so good, and it is even worse for the 
lowest two para Σ states. 
The potential anisotropy governs the final rotational state distribu­
tion. Hence it is expected to find differences between the ab initio poten­
tial energy surface and its scaled variation. For the contribution of + and 
— final tunneling states of NH3, no clear propensity rules emerge. The 
+ to — ratio is clearly affected by the scaling of the potential (Table 5), 
but not in the same proportion for all the initial quasibound states. The 
Σ(1ο, v
s
 = 0) ortho ab initio quasibound state gives a larger contribu­
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tion of + states while the scaled one leads to more population in the — 
states. The Π (if, v
a
 = 0) para state gives almost the same + to — pop­
ulation ratio with the 06 initio and the scaled potentials. For the excited 
stretching states the situation is contrasted. The Σ (1Q~, VS = 1) ortho 
state leads to more difference between the — and + populations with the 
scaled potential than with the ab initio one, but the other three stretch­
ing states give nearly equal contributions of + and — NH3 tunneling 
states. In the rotational distributions however, one main characteristic 
emerges. Although the final states that receive more population with the 
ab initio potential are still important with the scaled one, scaling the V33 
term in the potential expansion leads to repartition of the population 
amongst more final states, and seems to allow for more excitation in the 
к quantum number. For instance, with the ab initio potential, the lowest 
ortho quasibound Σ state gives mainly NH3 in the 80 rotational state for 
the — parity, and in the 83, 7o states for the + parity. With the scaled 
potential, the 80 channel is still one of the most important ones for the 
— parity, but others have grown as well: 6б and 9з. Similarly, for the + 
parity the 83 and 7o channels remain within the most populated channels 
but the 4з, 5o and 9б channels have about the same or more population. 
6. Conclusions 
We have performed quantum mechanical calculations to study the vibra­
tional predissociation of the Аг-1ЧНз Van der Waals complex excited with 
one quantum of the v-i (umbrella) vibrational mode of NH3. We have in­
vestigated the vibrational predissociation of several initial quasibound 
states, corresponding to excitation in the stretching or bending Van der 
Waals levels or in the tunneling motion of the NH3 umbrella inversion, 
and for two values of the total angular momentum J and its projection 
Ω onto the intermolecular axis (J, Ω) = (0,0), (1,0), and (1,±1). The 
calculations were performed within the framework of the Golden Rule, 
applying the Coriolis decoupling approximation. We have used two dif-
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ferent intermolecular potential energy surfaces, one determined ab initio 
by Bulski et al. [14] and the other containing a scaling parameter chosen 
to account for spectroscopic data on bound states of ΑΓ-ΝΗ3, proposed 
by Van Bladel et al. [16]. Lifetimes obtained with the scaled potential 
are shorter than with the ab initio potential. The ab initio potential 
gives a lifetime compatible with the limits set by experiment for the 
Π (ljj", v
s
 = 0) ortho ground state which is the only level for which there 
are experimental results. The lifetime for this state obtained with the 
scaled potential lies just below the experimental limit. Van der Waals 
excitation in the stretching mode leads to faster vibrational predissocia-
tion and lower final state rotational excitation. The fact that vibrational 
predissociation is faster may look in contradiction with the energy [30] 
or momentum [31] gap law since the excited Van der Waals stretching 
level lies 31 c m - 1 higher in energy than the v^ = 0 state. However, if 
we assume that the strength of the coupling responsible for vibrational 
predissociation is increased by exciting the Van der Waals stretch, then 
not only can the lifetime be shorter, but also the fraction of the available 
energy that has to go into NH3 rotation in order to reduce the energy 
gap can be smaller. The ortho/para nature of NH3 does influence the 
efficiency of the process but not in a systematic way. Concerning the 
influence of overall rotation, the value of J does not affect the dynamics. 
On the other hand, the Π quasibound ortho states predissociate faster 
than the corresponding Σ states, but the reverse is true for the para 
states. 
Another important result of our calculations is the prediction of final 
NH3 rotation-tunneling state distributions. The vibrational predissocia­
tion process tends to wash out the + or — character of the initial quasi-
bound state, and in some cases inverts it. The fraction of the available 
energy that goes into NH3 rotation is about one third, with variations 
depending on the initial quasibound level. The Van der Waals stretch­
ing excited states give final rotational state distributions similar to the 
ones with no stretching excitation, but with more weight to the lower j 
channels. Exciting the overall rotation in J does not affect the final NH3 
rotational state distribution, but going from Σ to Π states does have an 
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effect, especially for the para states. Also, additional propensity rules 
apply for the Σ states. Finally, since the potential anisotropy governs 
the final state distribution, there are differences between the ab initio 
and the scaled potentials. The scaled (more anisotropic) potential tends 
to distribute the population among more levels, and to populate levels 
with higher к values. 
All these conclusions indicate that there are many interesting effects 
to investigate in the vibrational predissociation of the ΑΓ-ΝΗ3 Van der 
Waals complex. Hence it would be very interesting to compare with 
more experimental results, especially if the final state distributions can 
be determined. 
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1. Introduction 
Kleingeld et al. [1] have shown by means of ion cyclotron resonance that 
in the course of the reaction of NHJ with H2CO the negative ion NH^" 
is produced. Since no exchange of deuterium takes place when ND3-H -
retransfers a hydride ion to H2CO the authors concluded that NH4 has 
the structure of a weakly bound adduct of the type NH3· · H~ with a 
mainly electrostatic dipole-ion bond. Сое et al. [2] came to the same 
conclusion on the basis of their photoelectron detachment study, since 
they found the N-H stretch vibration of the ammonia component nearb' 
unchanged within the complex. They reported an upper limit of 0.36 eV 
(2904 c m - 1 ) for the dissociation energy. 
A series of theoretical calculations has been performed for the NH4 
system since its discovery in 1983 [3-8]. Kalcher, Rosmus, and Quack [3] 
calculated parts of the potential energy hypersurface for the first time 
and determined the geometry of the minimum. They predicted a value 
of 0.355 eV (2863 c m - 1 ) for the dissociation energy. Cremer and Kraka 
[4] calculated the energy profile of reactions of the type AH
n
 + H - —» 
ΑΗ~_! + H2 and found a dissociation energy of about 3200 c m - 1 for 
the intermediate NH4 . These authors, and Cardy, Larrieu, and Dargelos 
[5], found a second local minimum with a tetrahedral structure, where a 
Rydberg orbital is doubly occupied. However, the energy of this species 
is 2203 c m - 1 above the dissociation limit behind a potential barrier of 
6506 cm" 1 . 
Microwave and infrared spectroscopy have been the most powerful 
approaches to study internal rotations and other large amplitude internal 
motions and tunneling phenomena. Microwave spectroscopy has been 
performed for more than 20 molecular ions [9]. Negative ions, however, 
have not yet been detected by this technique. Since dipole-ion complexes 
such as NH3-H - have a large dipole moment that strongly varies with 
the distance of the fragments, they should show very intense lines in 
the infrared or microwave regions of their spectrum. To our knowledge, 
neither vibrational nor rotational spectra of this ion have been measured 
up to now. 
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It is the aim of this work to first generate a reliable potential energy 
function and dipole moment function of the complex, and then to use 
these functions to calculate the vibration-rotation-inversion states for J 
— 0 and 1, and the allowed transition probabilities between them. In this 
way we want to make predictions on the structure and the rotational and 
vibrational spectra of NHJ, which are determined by the motion of the 
hydride ion in the field of the ammonia molecule. Since it is possible, in 
principle, to perform deuterium-labeling experiments, we have also calcu­
lated the spectra of the molecule-ion complexes NH3-D - and ND3-H - , 
which can be computed from the same energy and dipole surfaces. 
2. The electronic energy hypersurface 
A. Method of calculation 
The electronic energies of the NH3-H - system have been calculated by 
the SD-CI method with CEPA-2 modification [10]. The basis superposi­
tion error has been corrected. All calculations have been done with the 
MOLPRO program [11]. As a basis for the N atom the contracted 5£-
spd-correlation consistent basis set of Dunning (14s8p4d)/[6s5p4d] has 
been used, enlarged by a s and a ρ type polarization function (ζ3: 0.050, 
ζ
ρ
: 0.035). For the Η atoms a contracted 4£-sp-basis (6s3p)/[4s3p] (s: 
van Duijneveldt, p: Werner/ MOLPRO), together with two s polariza­
tion functions (ζ: 0.030 and 0.010) has been employed. Furthermore, for 
the hydride ion a ρ type polarization function with ζ = 0.010 was added. 
The complete basis set consisted of 108 contracted basis functions. 
The geometry of the NH3 component has been kept fixed with a N-H 
distance of 1.916 bohr and a H-N-H angle of 107.26°. The potential 
energy has been calculated as a function of the position of the H - ion 
for 225 geometries in the region 4 bohr < R < 20 bohr, 0° < Θ < 180°, 
and 0° < Φ < 60°. Here R, Θ, and Φ are the usual spherical polar 
coordinates of the position vector R of the H~ ion with respect to a frame 
which has its origin in the center of mass of the ammonia subsystem, 
and that coincides with its principal axes frame. The NH3 symmetry 
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axis corresponds to θ = 0° and one Η atom of ammonia is positioned 
at Φ = 0° and Θ > 90°. In this way the whole region where the system 
is bound has been covered, whereas the region of the local minimum 
mentioned above (Θ < 80° and R < 5.0 bohr) has not been included. 
This is due to the fact that for this part of the hypersurface the method 
of calculation chosen here does not yield reliable values, because a multi-
configurational wave function would have to be used. 
B. Fits and characteristics of the surface 
The ab initio potential calculated by the procedure described above was 
expanded in normalized tesserai harmonics (real spherical harmonics) 
S¡m, with m nonnegative because the potential is an even function of Φ, 
Ип4(Д,в,Ф) = 2 г » , т ( Д ) 5 / т ( в , Ф ) ( m > 0 ) 
(1) 
= Σ
vim
 (^) ^im Pim ( c o s ® ) c o s m* ( m - °) ' 
where 
Γ 2Z + 1 ( ¿ - m ) ! l 1 / 2 
Щт
 |.2(l + i
m
o M * + m)!j ' K) 
and P;m(cosö) is an associated Legendre polynomial. The expansion 
coefficients have been fitted by expressions of the form 
vlm(R) = N^ [{aim + blmR + clmR2)e-d'™R + flme-2d^R 
+ glm/R2 + hlm/R3 + klm/R4], 
where a¡m,..., kim are the fitting parameters [12]. Because of the three-
fold symmetry of the complex only terms with m = 0,3,6, . . . are present 
in the expansion. 
The expansion coefficients given in Eq. (3) can be used without modi-
fication for calculating the spectrum of NH3-D - . In the case of ND3-H - , 
however, the monomer center of mass changes, and we have to determine 
the expansion coefficients anew, by making an expansion of the potential 
about the new center of mass. The new coefficients are then given by 
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• φ = 180* 
o . o l ' — ' — ' — > — ' — ' — ' — ' — ' — ' — ' — ' — ' — ' ' ' ' ' ' ' ' ' ' ' ' ' 
4.3 5.3 6.3 7.3 0 90 160 270 360 
R {bohr) φ {degrees) 
Fig. 1 Cuts through the ab initio N H 3 - H
-
 potential (in c m - 1 ) . The value of 
φ in the (Л, ϋ) plot is as indicated. The (ϋ, ψ) plot is made for fixed R = 5.6 
bohi. 
л2эг /»7Г 
v'lm(R') = άΦ' sine' d& Slm(&, Φ') Vj'nt(#, Θ', Φ') , (4) 
Jo Jo 
where R', Θ' and Φ' are the coordinates with respect to the ND3 center of 
mass and V¿nt(R', Θ', Φ') is given by V¡nt(-R, Θ, Φ), after transforming R', 
Θ' and Φ' to the coordinates R, Θ and Φ with respect to the frame with 
its origin at the NH3 center of mass. The integral has been calculated 
numerically using a 17 point Gauss-Legendre quadrature in ' and a 
17 point Gauss-Chebyshev quadrature in Φ', both on the interval (0, π), 
taking into account a reflection plane of NH3, which makes it possible to 
evaluate the integral over Φ' as twice the integral on 0 < Φ' < π. 
Fig. 1 shows some cuts of the hypersurface of the energy for NH3-H -
(note that we use ΰ and φ instead of Θ and Φ, see Section 3). The 
equilibrium position of the H~ ion occurs at R = 5.57 bohr, Θ = 117.5° 
and Φ = 0°, 120°,and 240° respectively, and has a well depth D
e
 = 
2661 c m - 1 , relative to NH3 + H~. The equilibrium position agrees 
with what we may anticipate from considering the charge distribution 
in the complex, since the negative ion is situated on the hydrogen side 
of the ammonia, away from the lone pair of the nitrogen and near the 
positively charged hydrogen nuclei. The barrier (at Φ = 60°, 180° and 
125 
Chapter 6: The electronic energy bypersurface 
300°) between the three minima corresponds to an energy of — 1736 c m - 1 , 
if R and Θ are kept constant. The deepest saddle point, however, occurs 
at larger R and θ values (R = 5.95 bohr and Θ = 133.0°) with a height 
of —1906 c m - 1 . The minimum gets shallower with decreasing angle Θ 
and disappears finally. For instance, for θ = 90° the minimum is —1617 
c m "
1
 {R = 5.78 bohr) and for Θ = 75° it is -488 c m - 1 (R = 6.3 
bohr). For θ = 60° the potential is practically repulsive. The cuts of the 
hypersurface of ND3-H - look very similar to those given in Fig. 1. The 
equilibrium position changes slightly to R — 5.53 bohr and Θ = 116.8°. 
The deepest saddle point now occurs at R = 5.88 bohr and θ = 132.4°. 
The value of the potential at these two points obviously remains the 
same. 
Due to our larger basis our results for NH3-H - differ somewhat from 
the results of Kalcher et al. [3]. They found the minima at R = 5.616 
bohr and Θ = 119.5° with a value of —2866 c m - 1 and the barrier between 
them at R = 6.00 bohr and Θ = 141.3° with a value of -2370 cm" 1 . The 
values given by Cremer and Kraka [4] for the minimum are R = 5.304 
bohr and Θ = 124.2° with a depth of -3180 c m - 1 . Cardy et al. [5] 
report —2211 c m - 1 for the minimum [13]. 
3. Theory of the rotational-vibrational spectrum 
Since we do not want to make any assumptions about the nature of the 
motions in the complexes, we use the complete orthonormal quadratically 
integrable basis that was also used in calculations of the spectrum of the 
Van der Waals molecule ІЧНз-Аг [14]. Because the potential is known 
only for the equilibrium umbrella angle of NH3, we have to apply the 
model that was developed in Ref. [15] to include the inversion of NH3. 
This model was based on the assumption that the inversion tunneling 
splitting of the NH3 monomer is considerably smaller than the Van der 
Waals transition frequencies. In a subsequent paper [16], in which the 
inversion motion was explicitly taken into account, the model was shown 
to hold very well. Since a dipole-ion bond is much stronger than a Van 
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der Waals bond, we can expect the validity of the above assumption to 
be even better for the complexes considered in this paper. Here we will 
give a summary of the most important features of the model treatment. 
In dynamical calculations it is more convenient to use coordinates 
(R, ΰ, φ) defined with respect to a body-fixed frame that has its z-axis 
pointing along R, and in which ϋ is the angle between the C3 axis of 
NH3 and the vector R, and φ the rotation angle of NH3 around its 
C3 axis. The relation between this frame and the frame in which the 
ab initio calculations were performed, is given by the transformation rule 
R = R, Θ = ι9, Φ = π — φ. If the expansion of the potential is made in 
the new coordinates, the expression given in Eq. (1) gets an additional 
factor of ( - l ) m [17]. 
The overall rotation of the complex is given by the angles α, β, and 
7, where β and a are the polar angles of the vector R with respect to 
a space-fixed frame and 7 describes the rotation of the complex about 
R. The monomer umbrella inversion coordinate ρ is defined as the angle 
between the C3 axis of NH3 and one of the N-H bonds. The vibration-
rotation-inversion Hamiltonian can then be written in a form that is exact 
as long as the the NH3 monomer vibrations can be separated off [15]: 
Η = ff,™, + H
mt , (5) 
where 
Hinv(p)=f(p) + Vinv(p), (6) 
and 
Hint(R,ΰ, φ,7,β,α,ρ)=ΣΜΡ)11 + ¿ a [^ 2 + ? - 2j · J] 
η
2
 a
2 ( 7 ) 
ί,τη 
ЯІП is the inversion Hamiltonian of the NH3 monomer which depends 
only on the internal coordinate p. The associated kinetic energy is rep­
resented by T(p) and Vi
m
(p) is the well-known double-well potential of 
NH3 with an inversion barrier of 2023 c m - 1 [18]. 
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The Hamiltonian H
mt describes the vibrations, internal rotations and 
overall rotations of the dipole-ion complex. The dependence of the ro­
tational constants A\(X = x,y,z) of NH3 and of the intermolecular po­
tential on the inversion coordinate ρ is indicated. The operator j is the 
angular momentum of the NH3 monomer with respect to the body-fixed 
frame and J is the overall angular momentum of the complex. Exact 
quantum numbers are J and M, i.e. the total angular momentum and 
its space-fixed ζ component. An approximate quantum number is the he-
licity Ω which is the component of both J and j along the vector R. The 
only terms in H
mt that couple functions with different Ω are the small 
off-diagonal Coriolis interactions contained in the operator j • J jμΒ?. 
The main point in the model treatment of the inversion motion of 
NH3 is that the eigenstates of H
mt need to be calculated only for fixed 
ρ — p
e
, using the fact that the ground state wave function of Η
ιπν
 is 
"7s[/o(p) i /о(тг — ρ)], where /ο(ρ) describes an oscillation in one of 
the two wells of V1Tlv (p) which is rather localized around the equilibrium 
value p
e
 [16]. Diagonalizing H
mt for ρ = pe gives the energies E^t, 
where i labels the states for a given value of J, and the corresponding 
wave functions are 
^
Μι(ϋ,ϋ,
Ψ
,
Ί
,β,α)= ^c^JjkQJMn) (8) 
jkQn 
in terms of the complete orthonormal basis 
•(2j + l)(2J + l ) l 1 / 2 jkClJMn) = 32π3 (9) 
χ D^(0,u,V)D^(a,ß,1)R-1Xn(R) , 
which consists of Wigner rotation functions [19] and Morse oscillator 
type radial basis functions R~1xn(R) [20]. The wave functions \ 1 / J M ' 
are adapted to РЦСз^), which is the molecular symmetry group of the 
NH3-H - complex without umbrella motion. This is the same group as 
that of ΝΗ3-ΑΓ [14], because operations that exchange the hydride ion 
and a proton of the ammonia are not feasible (see Section 1). 
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The tunneling between the two wells in V[nv(p) is then taken into 
account by constructing the wave functions 
| JMi± ) = - ^ (Ê±Ê*) *JM,(fí,<?,¥>,7,/3,")/o(p) , (10) 
where E is the identity and E* represents inversion of the system. The 
corresponding energies are 
£±'1 = (J Mi ± | Я
і п
 + Hint I J Mi ±) 
Г*ш/ E0 + Ef<± 
jkiin 
Δ , ( 1 1 ) 
where 
£ 0 = (MP) I Я і п | /o(p)> (12) 
is the zero-point energy of the 1/2 vibration, and 
Д = (/о(р) |Я
і п
 |/о(тг-р)) (13) 
is the inversion tunneling matrix element which is equal to half of the 
tunneling splitting in free NH3. The derivation of this result is given in 
Ref. [15]. The implication of Eq. (11) is that the rovibrational states are 
split by the inversion tunneling. The asymmetry induced in the double 
well potential of free NH3 by the presence of the hydride ion, which makes 
the tunneling splitting less than 2|Δ|, is reflected in the coefficients of the 
wave functions. 
The molecular symmetry group of the inverting complex is Р І ф з ^ ) . 
The correlation between РІ(Сз„) and РІ(Бз/,) is given in Table 1. Be­
cause NH3 and ND3 have different nuclear spins, the symmetry species 
of their complexes have different spin statistical weights. For NH3-H -
and NH3-D - states of A[ and A" symmetry are Pauli forbidden, i.e. 
they have a spin statistical weight of zero. Consequently, for these two 
complexes there are two noninteracting subspecies, each belonging to a 
different total nuclear spin of the three hydrogens. The ortho species 
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Table 1 
Correlation between РІ(С3„) and PI(D3/,) (spin statistical weights") in paren­
theses). States adapted to РІ(Сз„) transform under (E + E*) as 
| Ai ) ->· | A\ ), | A2 ) -> | A'2 ), and | E ) -+ \ E' ) , and under (Ê - Ê') as 
| A, ) -> | A'i ), | A2 > -> | ЛІ' >, and | Я > -> | S " ) [15]. 
N H 3 - H - ( D - ) N D 3 - H -
PI(C3„) РІ(Рзь) ~ РІ(С3„) РІ(Рзь) 
Ay (4) ΛΊ (0) θ A4 (4) Лі (10) Α[ (10) Θ ЛІ' (1) 
Α2 (4) Λ'2 (4) θ A4 (0) Α2 (1) Л^ (1) Θ Α'{ (10) 
Д (2) Ε' (2) θ Ε" (2) Д (8) Д' (8) Θ Ε" (8) 
ο) We have omitted the overall factors in the spin statistical weights that 
originate from the nuclear spin functions of the ion and the nitrogen. 
have A'2 and A'^ symmetry, and the para species have E' and E" symme­
try. Since only one of the two tunneling states (10) is Pauli allowed for 
the ortho states, we cannot observe the inversion splittings in the ortho 
species of both complexes, but only the shifts of the allowed levels. 
In the case of ND3 all spin statistical weights are nonzero. This means 
that in ND3-H - we have three noninteracting subspecies, states of E' 
and E" symmetry with a spin statistical weight of 8, states of A\ and 
A" symmetry with a spin statistical weight of 10, and states of A'2 and 
A2 symmetry that have a spin statistical weight of 1. In what follows, 
we shall refer to the symmetry species of all three complexes as Αχ, Лг, 
and E, but for the NH3 complexes we will also use the names of ortho 
and para for the A2 and E states, respectively. Since the two subspecies 
of Αχ and A2 symmetry do not interact in ND3-H -, we can again only 
observe one of the two tunneling states in Eq. (10) in each species. In 
all three complexes the eigenstates of A\ and A2 symmetry only contain 
basis functions with к = 0 (mod 3), eigenstates of E symmetry only basis 
functions with к = ± 1 (mod 3) [14]. 
In order to get an analytic form of the dipole surface, needed to com­
pute rotational and vibrational transition probabilities or line strengths 
[18], we made an angular expansion of the spherical components of the 
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dipole moment / i B F (ñ , ΰ,φ) with respect to the body-fixed frame with 
its z-axis along R 
μ^(η,ΰ,φ) = £сІА
ТІ
,(Я) ^ ' ( Ο , ι Μ {" = 0,±1) . (14) 
λτ 
The expansion coefficients are given by 
dXTU{R) = - ^ r j άφ^ Sinuatiμ*ν(ϋ,ΰ,φ)Όΐ>?(0,ΰ,φ) . (15) 
This integral was evaluated by first making an analytical fit of the dipole 
surface in the frame in which the ab initio calculations were performed, 
on the grid described in Section 2A [12]. The contributions of the H~ 
charge dipole and of the Ä-independent term, i.e. the permanent dipole 
μο of NH3, were excluded from the expansion. After transforming to the 
new body-fixed frame the integration over φ was done analytically and 
the integration over ΰ numerically using a thirty point Gauss-Legendre 
quadrature. Then μο was added to dwt/{R) for ν = 0, ±1 and the charge 
dipole — еі?мн- > with ^ м н - being the distance between the dimer center 
of mass M and the H - ion, was added to dooo(-R) [21]. 
As the dimer center of mass changes on substitution of D - for H - , 
we have to replace RUH- by RMO- Ш the last contribution to obtain 
the dipole expansion coefficients for NH3-D - . In the case of ND3-H -
there are two differences with the procedure described above. First, the 
values of the dipole moment in Eq. (15) are obtained from the analytical 
fit after converting the coordinates from the NH3 to the ND3 center of 
mass, and, second, the distance Дмн- between the H~ ion and the dimer 
center of mass changes, now because of the change in the monomer mass. 
The permanent dipole of ND3 is the same as that of NH3. 
The rovibrational transition probabilities are defined by 
$ίυσ'= Σ №М а>\і%\Шіа)\', (16) 
ММ'т 
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where σ and σ' label the signs of the tunneling functions, and the space-
fixed components of the dipole moment /i^ f are obtained from Eq. (14) 
via 
μ5Ι = Σ rfF(R>ΰ' Ψ) D{ÀÏ (α, ß, 7) (m = 0, ±1) . (17) 
и 
Because the ab initio calculations were done only for the equilibrium 
umbrella angle p
e
, our / i S F does not depend explicitly on p. As a conse­
quence, the integrals over the tunneling adapted wave functions given in 
Eq. (10), (J'M'i'a' \ pf^ \ JMia), can be evaluated by taking the inte­
grals over the purely rovibrational wave functions given in Eq. (8), since 
the overlap between /o(p) and /ο(π - ρ) is negligible [16]. This means, 
for instance, that for the para species of each complex the wave functions 
| J Mi + ) and | J Mi — ) are both taken to be equal to φ · 7 Μ * in the cal­
culations of the transition probabilities, although the energies attributed 
to them are different, i.e. they are split by an amount given by Eq. (11). 
The rovibrational transition probabilities are then given by the ex­
pression [15] 
DJ,t,a — DJ,i 
= ^ \(J'M'i'\n^\JMi)\2 = (2J' + l)(2J+l) 
MM'm 
Σ E B - ^ W + i^i + i)]1'2
 (18) 
]'k'Q'n' ]Шп\т 
x
 с
Й'\п',п' < i n , n (Д_1Хп<(Д) I dXTV{R) | R-xXn{R)) 
J' λ j \ ( j ' λ j \ f J' 1 J 
-k' μ к) \-íl' ν Ω ; V-Ω' ν Ω 
If the umbrella inversion is nearly quenched in the complex, the influence 
of the ρ dependence of the dipole surface on the transition probabilities 
will be small. 
The quantum numbers J and J' are associated with rotational transi­
tions, г, σ and i', σ' with vibrational transitions. Since the dipole moment 
function is of symmetry A'{, the allowed infrared and microwave transi­
tions are A'2 <->• A'2 and E' ·(-> E", and, extra for ND 3 H~, A[ <->- A". 
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Table 2 
Parameters used in the calculations. 
Masses [22] 
(amu) 
1 4 N 14.0031 
*H 1.0078 
2 D 2.0140 
Rotational constants"' 
(cm" 1 ) 
A
x 
Ay 
Az 
NH 3 
9.945 
9.945 
6.300 
ND 3 
5.140 
5.140 
3.153 
o) With a N-H(D) distance in the monomer of 1.917 
bohr, and an H-N-H angle of 106.9° {p = 111.9°). 
4. Computat ional aspects 
In Table 2 we summarized the parameters used in the calculations. The 
monomer configuration is chosen in such a way that the rotational con­
stants for NH3 match the vibrationally averaged rotational constants 
given in Ref. [23]. The rotational constants for ND3 are then calculated 
with the same configuration. The maximum I value both in the expan­
sion of the anisotropic potential given in Eq. (1) and in the expression for 
the numerical expansion of the potential about the ND3 center of mass, 
given in Eq. (4), is /
m a x
 = 16. We checked the accuracy of the numerical 
expansion by comparing the values obtained by direct application of Eqs. 
(1), (2) and (3) with the values obtained by first transforming R, Θ and 
Φ to the ND3 center of mass coordinates, and then calculating the poten­
tial in the numerical expansion. The agreement between the potentials 
calculated by the two methods was better than 2 x 10~2 c m - 1 . We have 
optimized the parameters i?Morsei -^ Morse and шмотае of the Morse oscil­
lator type radial basis functions to yield minimum energy with fixed size 
of the basis for the lowest Ai state with J — 0. The optimum values for 
NH3-H" are found to be Дмогее = 6.100 bohr, Г>могве = 2633.69 c m - 1 , 
and u>Morse = 276.54 c m - 1 . These values were chosen for NH3-D - and 
ND3-H - as well, since we found that optimizing the parameters further 
for these complexes changed the energy of the lowest state by less than 
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0.001 c m - 1 . 
First we performed calculations neglecting the off-diagonal Coriolis 
terms for J = 0 and 1 with the maximum values j
m a x
. and n
m a x
 of j and 
η set to 12 and 7 (thus including eight radial basis functions). This means 
that we had to solve secular problems of dimension 456 and 448 for the 
A and E states, respectively, for each value of Ω. The convergence of the 
eigenvectors has been checked by calculations with j
m a x
 = 13 and n
m a x
 = 
8, showing that the lowest Ai state with J = 0 has converged within 0.1 
c m
- 1
. Next we took the lowest 15 eigenstates from the secular problems 
with J = 1 and Ω = — 1, 0 and + 1 , and we solved the secular problem in 
this basis in order to include the off-diagonal Coriolis interactions. If we 
took the 20 lowest eigenstates, instead of the 15 lowest ones, the energies 
changed by less than 0.05 c m - 1 . 
The inversion splittings or shifts of the final eigenstates are calculated 
from Eq. (11) and the transition probabilities between these eigenstates 
from Eq. (18). The accuracy of the fit of the dipole proved to be « 2%. 
The accuracy of the subsequent expansion was better than 0.1% for all 
three complexes, taking 0 < λ < 24 and —Λ < r < λ, where | r | only 
took the values 0, 3, and 6. For the inversion-splitting of free NH3 we 
have taken the experimental value 2Δ = —0.793 c m - 1 , and for ND3 we 
have taken 2Δ = —0.054 c m - 1 , both values from Ref. [24]. 
5. Results and discussion 
The results of our calculations for J = 0 are displayed in Table 3 for all 
three complexes. Since the systems are in their overall rotational ground 
states, their excitations have a purely vibrational character and we as­
sign a vibrational quantum number ν to each of the states. By giving 
the results for the lowest four states of A symmetry and the lowest eight 
of E symmetry, we include the vibrational ground state, denoted by ν = 
0, and the first three vibrationally excited states for each species. The 
contributions to the total energy are given separately, together with the 
expectation values of the stretch coordinate (R), the end-over-end rota-
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Table 3 
Vibrational quantum numbers, energies, expectation values of the dimer bond length 
(R) and the rotational constant Bo = (^2/2/х#2), and the angles ϋχ = arceos (Pi(cosi?)) 
Γ W 2 
and ι?2 = arceos 5 (2(P2(cosi9)) + l) for the lowest four A states and the lowest eight 
E states with J = 0 for each complex. The reference energy Do is equal to the ground 
state energy E^ (for comparison: D
e
 = -2661 c m - 1 ) . The additional tunneling shift 
from Eq. (11) is given in parentheses. 
state i 
ortho 
1 (40 
2 (A>2) 
3 (40 
4 (40 
para (E) 
1± 
2± 
3± 
4± 
ortho 
1 (40 
2 (4') 
3(4) 
4 (40 
poro (S) 
1± 
2± 
3± 
4± 
υ 
0 
1 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 
Energy») 
( c m - 1 ) 
NH 3 
(£»0 = -2122.4227) 
0.0000 (+0.0037) 
272.1127 (-0.0041) 
309.8500 (+0.0051) 
361.2450 (+0.0131) 
{D0 = -2122.0297) 
0.0000 (+0.0037) 
265.4682 (+0.0037) 
315.3438 (+0.0048) 
371.2459 (+0.0172) 
NH3 
(D 0 = -2184.6712) 
0.0000 (+0.0031) 
243.7448 (+0.0029) 
263.2165 (-0.0035) 
347.1332 (+0.0140) 
(Do = -2184.4274) 
0.0000 (+0.0032) 
244.4225 (+0.0030) 
259.4839 (+0.0033) 
356.4325 (+0.0165) 
(R) 
(bohr) 
H -
5.796 
5.868 
6.106 
5.980 
5.795 
5.881 
6.115 
5.938 
- D -
5.743 
5.992 
5.806 
5.863 
5.743 
5.989 
5.814 
5.842 
B0 
(cm" 1 ) 
1.915 
1.870 
1.767 
1.821 
1.916 
1.862 
1.767 
1.839 
1.026 
0.965 
1.004 
0.986 
1.026 
0.965 
1.001 
0.993 
1?! 
119.3° 
119.4° 
123.6° 
122.4° 
119.3° 
120.2° 
122.1° 
121.5° 
119.1° 
120.5° 
119.2° 
123.8° 
119.0° 
120.3° 
119.7° 
122.3° 
#2 
120.9° 
120.9° 
125.9° 
125.5° 
120.8° 
121.8° 
124.1° 
124.9° 
120.5° 
122.1° 
120.6° 
127.4° 
120.5° 
121.8° 
121.2° 
126.0° 
continued 
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state i 
Аг 
1 (Л'г) 
2 {A4) 
3 (Ai) 
4 (Л'
г
) 
E 
1± 
2± 
3± 
4± 
υ 
0 
1 
2 
3 
0 
1 
2 
3 
Table 3 
Energy«) 
(cm" 1 ) 
ND 3 
(£»o = -2196.5896) 
0.0000 (-0.0001) 
218.2839 (+0.0001) 
285.2703 (-0.0005) 
336.5427 (-0.0002) 
(D 0 = -2196.4698) 
0.0000 (=F0.0001) 
218.5147 (τθ.0001) 
285.9305 (τθ.0005) 
336.5792 (τθ.0002) 
continued -
(R) 
(bohr) 
-н-°) 
5.739 
5.803 
5.876 
6.035 
5.739 
5.805 
5.873 
6.034 
B0 
(cm- 1) 
1.937 
1.895 
1.857 
1.805 
1.937 
1.894 
1.859 
1.805 
i°i 
118.2° 
118.6° 
122.2° 
118.6° 
118.2° 
118.6° 
121.9° 
118.6° 
¿2 
119.5° 
119.9° 
125.3° 
120.2° 
119.4° 
119.9° 
125.0° 
120.1° 
o) For the para (E) species the upper sign corresponds to E' and the lower to E" 
symmetry. The sign σ of the A states can be deduced from Table 1. 
ь) To obtain the quantities given for the A2 states of ND 3 -H~, A\ must be replaced by 
A'2 and A" by J4 2 , and the signs of the tunneling shifts must be reversed. 
tional constant BQ = (η2/2μη2), μ here being the reduced mass of the 
complex, and the angles i?i and i?2i extracted from the expectation val­
ues of the Legendre polynomials (Pi(costf)) and (P2(cost9)); both angles 
are measures for the most probable value of ΰ and the difference Δι9ΐ2 = 
$i — $2 is a measure for the délocalisation in ύ. 
First we will discuss the NH3-H - complex. In Fig. 2 we have depicted 
two cuts through the J = 0 wave functions given in Eq. (8), correspond­
ing to the ortho (A2) states of Table 3. Because the (R, ΰ) cuts for the 
para (E) states closely resemble those for ortho, Fig. 3 only shows the 
rovibrational (ΰ, φ) cuts of the two components. Furthermore, we have 
omitted the third vibrational states, because they are similar to the sec­
ond ones. The fixed values of ψ at which the (Ä, г?) cuts are made are 
given in the figure, together with the excitation energy. The (ΰ,φ) cuts 
are made for fixed R = 5.70 bohr. 
The potential shown in Fig. 1 has three equivalent minima. It is not 
clear beforehand whether in reality the ion is localized in one of these 
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φ = 180" 
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M
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90 1β0 
ψ {degrees) 
Ш 
Fig. 2 Cuts through the first four rovibrational states of ortho NH3-H - with 
J = 0 The values of φ in the (R, ϋ) plots are given in the figure, together with 
the excitation energies. Amplitudes of the wave functions in 1 0 - 3 (bohr) - 3 / 2 . 
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Fig. 3 Cuts through the two components of the first three rovibrational states 
of para NH3-H - with J = 0, for fixed R = 5 7 bohr The excitation energies 
are as indicated Amplitudes of the wave functions as in Fig 2 
minima or rapidly tunnels between them. Our calculations enable us to 
examine this tunneling probability and how it is affected by vibrational 
excitation of the complex. In Figs. 2 and 3 we see that the vibrational 
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ground states of both the ortho and the para species are localized in the 
potential wells with almost no amplitude between the wells, indicating 
that the system is a nearly-rigid dimer with almost no tunneling between 
the three symmetry equivalent minima. The H - ion is nearly in line with 
the N-H bond. For the ortho ground state for instance, it is slightly bent 
with an N-H-H- angle of 174.8°, i.e. the H-H~ bond is tilted by 5.2° 
towards the C3 axis. Clearly, the first excited state is a φ excitation. 
The second and third excited states are mixed R, ϋ excitations, which is 
also reflected by the increase in the expectation values of the dimer bond 
length, in the angle ϋ\, and in Δι?ΐ2· From the fact that the inversion 
shifts in Table 3 are negligibly small we conclude that the umbrella in­
version motion is nearly quenched. For the υ = 3 state, we observe an 
increase both in the inversion shift and in Δι9χ2, meaning that this state 
is more delocalized in ϋ and has a smaller asymmetry in the double well 
potential. 
If the NH3 monomer could rotate freely within the complex, we would 
expect the energy difference between the first ortho and the first para 
states to be of the same order as that in free NH3, i.e. between the 
states with j = к = 0 and j = к = 1. If the dimer were exactly rigid, 
no permutations would be feasible and the ortho-para [Α-E) difference 
would vanish. We may therefore consider this energy difference to be 
a measure for the probability of tunneling between the three equivalent 
minima. For NH3-H_we find a value of 0.393 c m - 1 , which may be 
compared to the free monomer value of 16.245 c m - 1 . To check the con­
vergence of the ortho-para difference, we did calculations in an angular 
basis with jmax = 16 and found that it changed by less than 0.01 c m - 1 . 
Coincidentally this splitting between ortho and para is almost equal to 
the inversion-splitting parameter Δ of free NH3, meaning that these two 
tunneling processes occur on the same time scale. Looking at the ex­
cited states, we see that the probability distribution in the φ direction 
becomes smeared out, making it more likely for the monomer to tunnel 
from one minimum to the other. The ortho-para differences increase to 
values comparable to the overall rotational energy level spacings (see also 
Table 4). Note that for the ψ excitation the energy of the para species 
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is below that of the ortho species. This is caused by the fact that an 
excitation in φ requires the wave function to contain basis functions with 
к ψ 0. Inspection of the coefficients of the wave functions, defined in 
Eq. (8), shows that the para states consist mainly of basis functions with 
j — 1,2 and 3. The main contributions to the ortho state come from 
basis functions with j = 3,4 and 5, whereas its coefficients with j = 0,1 
and 2 are zero. 
For reasons of brevity we do not give the cuts through the wave func­
tions of the other two isotopomers, but we will confine ourselves to giving 
a a description of their features, while referring to Table 3. For ND3-H -
the cuts resemble those in Fig. 2, even though the nodal plane is more 
horizontal in the wave function of the second excited state, and more 
vertical in the third. This is reflected in Table 3 by the fact that the in­
creases with respect to the ground state in (R) and i?i, respectively, are 
smaller for these states than in the case of NH3-H - . Table 3 also shows 
that the expectation value of (R) and i?i are smaller for the ground state. 
This is caused for the larger part by the translation of the origin, but 
the increased mass of the deuterated ammonia also reduces the stretch 
amplitude of the vibrational ground state. The inversion shifts and split­
tings are much smaller than in NH3-H -. This is not only because the 
inversion-splitting 2|Δ| of free ND3 is much smaller than that of free 
NH3, but also because the reduction factor of the shift and splittings is 
larger. Except for the second excited state, Δ#ΐ2 is small, again indi­
cating that the other states have little or no coupling to the ϋ mode. 
The A-E difference is considerably less, 0.120 c m - 1 , and the energy of 
the φ excited E state now is above the energy of the A state. This can 
be attributed to the smaller rotational constants and the smaller bond 
length. 
The cuts through the ortho wave functions of NH3-D - show two strik­
ing differences with the other two complexes. First, the second excited 
state now is the φ excitation. Second, the R and ΰ motions appear to 
be practically decoupled. The first excitation is the R excitation, which 
remains localized in ψ, and the third excited state is the ΰ excitation. 
If one compares the excitation energies with those of NH3-H - , one sees 
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that the ΰ and φ excitation are lowered by about 10 c m - 1 , whereas the 
R excitation is lowered by 66 c m - 1 and consequently becomes the first 
excited state. Again, these observations are supported by the expecta­
tion values and symmetry assignments in Table 3. The ortho-рага (A-E) 
splitting here is 0.244 c m - 1 , the difference with respect to NH3-H - now 
arising from the change in bond length and the heavier deuterium ion. As 
a consequence of the φ localization of the stretch excitation, the ortho-
para splitting remains small for this state. The energy of the φ excited 
para state is again below that of the ortho state. 
If we compare the vibrational excitation energies of NH3-H - with 
those of NH3-D - we can expect from simple harmonic oscillator models— 
in which the stretch frequency is proportional to l/γ/μ and the bending 
frequencies to y/A~\—that the stretch frequency changes significantly, be­
cause of the change in reduced mass. Since both complexes have the same 
monomer rotational constants, that are larger than the rotational con­
stants associated with the motion of the H~ and D~ about the center 
of mass, the bending frequencies are expected to be less affected. The 
situation is reversed for ND3-H - because now the reduced masses are 
practically the same, but the monomer rotational constants are signifi­
cantly different. The energies listed in Table 2 are in general accord with 
these expectations, the deviations arise mostly from the fact that the R 
and ΰ modes are coupled in NH3-H - . 
Table 4 summarizes the results of our calculations with J = 1. As 
each J = 1 state has three substates, each being a mixture of basis func­
tions with Ω = —1, 0, and 1, we now give the results for the lowest 12 
states of A symmetry and the lowest 24 of E symmetry. For both species 
of each complex we give the rovibrational energies E^l, that include the 
off-diagonal Coriolis contribution (cf. Eq. (7)), and, in parentheses, the 
inversion tunneling shift which must be added to E-^t to obtain the state 
energy. To give an idea of the importance of the off-diagonal Coriolis 
correction, we give its value separately. In this Table we have also in­
cluded the vibrational quantum number υ and the absolute value of the 
approximate quantum number Ω. 
From Table 4 we see that for the vibrational ground state of both 
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Table 4 
Energies in c m - 1 for the lowest 12 A states and the lowest 24 E states with J = 1 for 
each complex. The energies are given with respect to the ground state energies Do (see 
Table 3). The additional tunneling shift from Eq. (11) is given in parentheses. The 
off-diagonal Coriolis correction is already included in the state energy. 
V |Ω| A state 
i 
Energy") Coriolis 
corr. 
E state 
i 
Energy0' Coriolis 
corr. 
NII3-H-
(° 
0 1 
l l 
f° 
1 1 
l l 
f° 
2 1 
l l 
f° 
3 1 
l l 
1 ( ^ 2 
2 {A4 
3(A>2 
4 (A4 
b(A>2 
6 (A4 
7(A>2 
S(A'2 
9 (A'2' 
10 (A'2 
11 (A'2l 
12 {A4 
i° 
0 1 
l l 
i° 
1 1 
l l 
i° 
2 1 
l l 
i° 
3 1 
l l 
ІИ'2 
2 (A'2' 
3(A>2 
4 W 
5 (A4 
6(A>2 
7 (A4 
S(A'2 
9 (A4 
10 (A'2 
11 (A4 
12 (A4 
3.1398 
) 10.7259 
10.8239 
274.6573 
277.6616 
278.4473 
313.0654 
324.7029 
324.8138 
364.4792 
379.3725 
379.3807 
1.8331 
9.9796 
10.0157 
245.4638 
254.0862 
254.1549 
264.9950 
270.1434 
270.2567 
348.9995 
364.4124 
) 364.4240 
;+0.0037) 
-0.0037) 
-0.0036) 
-0.0038) 
+0.0032) 
+0.0029) 
+0.0050) 
-0.0046) 
-0.0047) 
+0.0127) 
-0.0151) 
-0.0158) 
+0.0031) 
-0.0031) 
-0.0031) 
+0.0029) 
-0.0029) 
-0.0029) 
-0.0035) 
+0.0028) 
+0.0028) 
+0.0139) 
-0.0153) 
;-0.0155) 
-0.6895 
-0.4196 
-0.3217 
-1.1933 
-0.6599 
+0.1258 
-0.3167 
-0.3287 
-0.2178 
-0.4057 
-0.2179 
-0.2097 
NH3-
-0.2180 
-0.1343 
-0.0982 
-0.2096 
-0.1599 
-0.0911 
-0.2294 
-0.1302 
-0.0169 
-0.1055 
-0.0826 
-0.0709 
1± 
2± 
3± 
4± 
5± 
6± 
7± 
8± 
9± 
10± 
11± 
12± 
-D-
1± 
2± 
3± 
4± 
5± 
6± 
7± 
8± 
9± 
10± 
11± 
12± 
3.1161 
10.1137 
10.5723 
268.5783 
273.2965 
279.7626 
317.9165 
321.4761 
327.0105 
371.8475 
375.1354 
384.7766 
1.8290 
9.5851 
9.8756 
246.1385 
252.9742 
253.9758 
261.3537 
267.9508 
271.7532 
357.3079 
359.0366 
369.0541 
(±0.0037) 
(±0.0010) 
(+0.0010) 
(±0.0037) 
(+0.0001) 
(±0.0001) 
(±0.0046) 
(±0.0003) 
(+0.0001) 
(±0.0060) 
(±0.0111) 
(+0.0001) 
(±0.0032) 
(±0.0004) 
(+0.0004) 
(±0.0030) 
(±0.0002) 
(+0.0002) 
(±0.0033) 
(+0.0000) 
(±0.0000) 
(±0.0086) 
(±0.0079) 
(+0.0001) 
-0.7143 
-0.3672 
-0.3655 
-0.6124 
-0.1455 
-0.2664 
-0.9609 
-0.0202 
-0.4065 
-1.1709 
+0.2129 
-0.5483 
-0.2225 
-0.1153 
-0.1152 
-0.2144 
-0.1214 
-0.1100 
-0.1326 
-0.0618 
-0.0979 
-0.9136 
+0.6190 
-0.1644 
1 4 2 
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Table 4 - continued -
V \a\ A state 
г 
Energy") Coriolis 
coir. 
E state 
i 
Energy") Coriolis 
corr. 
ND3-H- b) 
i° 
0 1 
l l 
i° 
1 1 
l l 
i° 
2 1 
I 1 
f ° 
3 1 
l l 
1 (A'{) 
2 (AÌ) 
3 (A'{) 
4 (A\) 
5 (A'{) 
6 Mi) 
7 (¿i') 
8 (ЛІ) 
9 (A'{) 
10 (Ai') 
11 (A[) 
12 μ ϊ) 
2.6949 (-0.0001) 
5.9754 (+0.0001) 
6.1479 (+0.0001) 
220.9772 (+0.0001) 
223.9327 (-0.0001) 
224.1546 (-0.0001) 
288.1396 (-0.0005) 
292.5044 (+0.0005) 
292.5301 (+0.0005) 
339.2018 (-0.0003) 
342.5615 (+0.0003) 
342.7363 (+0.0003) 
-1.1776 
-0.6856 
-0.5131 
-1.0963 
-0.5915 
-0.3696 
-0.8433 
-0.6191 
-0.5934 
-0.9498 
-0.5811 
-0.4062 
1± 
2± 
3± 
4± 
5± 
6± 
7± 
8± 
9± 
10± 
11± 
12± 
2.6914 (±0.0001) 
5.8548 (±0.0001) 
6.0936 (+0.0001) 
221.3093 (±0.0001) 
223.7613 (±0.0000) 
224.3259 (+0.0000) 
288.5549 (±0.0005) 
291.6826 (±0.0002) 
292.5313 (+0.0002) 
339.2228 (±0.0003) 
342.3806 (±0.0002) 
342.6489 (+0.0002) 
-1.1811 
-0.6304 
-0.5566 
-0.9929 
-0.5019 
-0.4277 
-1.0921 
-0.4988 
-0.6387 
-0.9657 
-0.5338 
-0.4606 
o) For the para (E) species the upper sign corresponds to E' and the lower to E" 
symmetry. The sign σ of the A states can be deduced from Table 1. 
b) To obtain the quantities given for the Ai states of ND3 H~. A\ must be replaced by 
A'i and A" by A'2 and the signs of the tunneling shifts must be reversed. 
species and all three of the complexes the states with |Ω| = 1 are nearly-
degenerate. To check whether the magnitude of the splittings was stable 
with respect to the size of the angular basis, we also calculated them 
in a basis with j
m a x
 = 16, yielding a change in the sum of the Coriolis 
and inversion splitting of 0.006 c m - 1 . The influence of the off-diagonal 
Coriolis contribution on the spectrum is small, only the small transition 
frequencies of the purely rotational transitions, where the initial and 
final values of υ are the same, are significantly affected by it. Since Ω 
is a nearly good quantum number in the vibrational ground state, we 
may regard the systems as prolate near-symmetric tops in these states. 
This is also illustrated in Table 5, where we compare the lowest three 
transition frequencies for transitions J = 0 -> 1 in the ortho species 
of each complex with rigid rotor calculations. The position of the ion 
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Table 5 
Lowest three transition frequencies ( c m - 1 ) for J = 0 —ν 1 obtained from the present 
calculations for the A species of each complex and those obtained from calculations in 
which the complexes are assumed to be rigid rotors"'. 
N H 3 - H -
variational rigid rotor6 ' 
3.1399 3.1443 
10.7186 10.3568 
10.8166 10.4694 
N H 3 - D -
variational rigid rotorc ' 
1.8331 1.8271 
9.9734 9.6961 
10.0095 9.7337 
ND 3 H-
variational rigid rotord ' 
2.6949 2.6369 
5.9726 5.8040 
6.1451 5.9743 
a) With a monomer configuration as indicated in Table 2, and the ion localized at 
R = 5.7 bohr, θ = ϋ = 119°, and Φ = π - φ = 0°. 
ι>) Rotational constants ( c m - 1 ) : 8.841,1.628,1.516; Asymmetry parameter к = -0.969. 
c) Rotational constants ( c m - 1 ) : 8.801,0.932,0.895; Asymmetry parameter к = -0.990. 
d) Rotational constants ( c m - 1 ) : 4.571,1.404,1.233; Asymmetry parameter л = —0.898. 
and the rigid rotor rotational constants and asymmetry parameters are 
given as well in Table 5. The rotational transition frequencies are fairly 
well predicted by the rigid rotor model. The large rotational constant is 
comparable with the rotational constants of the monomer, and the other 
two are comparable to the expectation value BQ given in Table 3. The 
asymmetry parameters к = 2 B ^j A ( J c are all nearly - 1 , which is the value 
of к for a prolate symmetric top. 
For the vibrationally excited states the situation is different. The two 
para states with |Ω| = 1 clearly have different energies, implying that the 
comparison with a symmetric top is no longer realistic. This behaviour 
can be understood if we look at the cuts through the wave functions 
shown in Fig. 3. Because of the different amount of délocalisation in 
the ϋ and φ directions, the two moments of inertia associated with the 
principal axes perpendicular to the dimer bond axis start to deviate, 
and the top becomes asymmetric. The E states of the NH3-H - and 
NH3-D - complexes even seem to behave as oblate symmetric tops in 
their third vibrationally excited state. The ortho states, however, retain 
their prolate symmetric top character. The difference in energy between 
the states with |Ω| — 1 remains small. 
For para states with |Ω| = 0 the inversion splitting is about the same 
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Table 6 
Rovibrational transition probabilities"^ (in a.u.2) larger than 0.01 a.u.2 for transitions 
in NH3-H - between the states given in Tables 3 and 4. 
і-+г' SJ/ i^1' SJ/ г^г' SJ/ *"•>' Sjf г^г' Sj/ 
J = 0 -» J' = 1 
ortho 
l-> 1 23.052 l-> 7 0.096 2-> 4 22.529 
l-> 3 0.037 1->10 0.067 2-> 6 1.237 
l-> 5 0.060 1-Ш 0.014 2-» 9 0.078 
para 
1-Ï 1 23.065 1-»· 7 0.099 2-> 4 23.579 
1-»· 3 0.015 1-»· 8 0.020 2-> 5 0.037 
1-» 5 0.030 1->10 0 029 2-)· 6 0.362 
! - • 6 0.032 1->11 0.024 2-> 8 0.013 
ortho 
l-> 3 
1-+ 4 
раття 
1-»· 3 
l-> 4 
0.105 
0.076 
0.126 
0.055 
2-» 2 
3-> 4 
2-> 2 
3-> 2 
0.053 
0.012 
0.032 
0.023 
J = \ 
5-»· 3 
5-> 4 
6-> 3 
8-> 4 
-> J ' = 0 
0.179 
0.016 
0.036 
0.032 
7-> 4 0.018 
- continued -
as it is for ortho, but for levels with |Ω| = 1 it almost vanishes. If Ω were 
a good quantum number this splitting would vanish exactly, according 
to Eq. (11), since degenerate components of the para states would cor­
respond with Ω = —1 and Ω = + 1 , respectively [15]. The small split­
tings are caused by the admixture of Ω = 0 basis functions into these 
states, through the off-diagonal Coriolis interaction. Permutation sym­
metry requires the ortho states to have an equal weight of Ω and — Ω 
basis functions, hence the inversion splitting is less dependent on Ω. 
In Table 6 we have listed the rovibrational transition probabilities (in­
cluding the Hönl-London factors [25]) in (a.u.)2 for NH3-H - . To reduce 
the number of transitions in the Table, we have chosen to show only 
transition probabilities above a threshold of 0.01 (a.u.)2. We see that 
2-+12 0.018 
3-> 7 25.456 
3-» 8 0.215 
3->ll 0.018 
4->10 24.351 
4->ll 0.422 
3-> 7 23.973 
3-»· 8 1.937 
3-> 9 0.019 
3-»10 0.014 
4-»10 7.328 
4->ll 16.892 
4->12 0.080 
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Table 6 - continued -
i-*i' 
ortho 
l-> 2 
l-> 6 
1-Я2 
2-» 3 
2-> 8 
para 
l-> 3 
1-4 5 
1-»· 6 
2-> 3 
2-+ 4 
2-+ 7 
0.055 
0.073 
0.016 
34.561 
0.184 
0.017 
0.046 
0.043 
2.481 
0.029 
0.038 
г-н' 
2-HO 
2->ll 
3-» 4 
3-> 9 
3->12 
2-¥ 8 
2-Я0 
2—Ml 
3-4 4 
3-> 9 
3->12 
0.026 
0.076 
0.081 
0.171 
0.087 
0.125 
0.046 
0.069 
0.057 
0.189 
0.067 
i—η' 
J = l -
4-)· 5 
4-4 7 
4-> 8 
4->11 
5-)· 6 
4-> 5 
4-> 6 
4-4 8 
5-4 6 
5-> 7 
6-> 7 
с./',.' 
-4 J ' = l 
1.858 
0.024 
0.111 
0.023 
33.754 
0.065 
0.532 
0.022 
0.014 
0.012 
0.049 
г—>г' 
6-)· 7 
6->- 8 
6-ИО 
7-> 9 
7-4І2 
7-> 8 
7-4 9 
8-> 9 
8->10 
9-+12 
10—>·11 
0.228 
0.014 
0.023 
0.321 
0.027 
2.647 
0.044 
0.016 
0.051 
0.014 
7.856 
г—W 
8-> 9 
9-4І0 
9->ll 
10-H2 
11-H2 
10-412 
11-H2 
n i ' / 
38.495 
0.010 
0.021 
0.639 
36.041 
0.069 
0.059 
o) For the para species transitions from г+ —> ι'~ have the same transition probabilities 
as those from i~ —> i'+ (see Section 3). We therefore suppress the σ labelling of the 
states. The values include the Hönl-London factor; 1 a.u. = 2.54158 D. 
the stretch transitions are by far the strongest. This is to be expected, 
since their intensity originates from the H~ charge dipole. The transition 
frequencies can be calculated from the energies given in Tables 3 and 4, 
taking into account the selection rules for dipole transitions. We have 
also calculated the rovibrational transition probabilities of the other two 
complexes. The transition probabilities for transitions between corre-
sponding types of excitation are of the same order of magnitude as those 
of NH3-H - , if we consider the second excitation of NH3-H - to be the 
R stretch and the third excitation to be the ϋ bending excitation. This 
assignment agrees with the results given in Table 3. 
Since we have only considered states with J = 0 and 1, it would 
be convenient to have a quantity from which the rovibrational transi­
tion probabilities for other total J transitions can be estimated. We can 
derive such a quantity, which we may consider to be a vibrational transi­
tion probability, from Eqs. (8) and (18). We assume that the off-diagonal 
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Coriolis interaction may be neglected, so that Ω is a good quantum num­
ber. Further we assume that the dependence of с Λ
 Ω n
, Eq. (8), on J is 
very weak, so that this dependence may also be neglected. With these 
approximations we can write 
*
JM4R,0,<pn,ß,a) « \ j 2 - ^ Ф й ( Д , ^ ) £ > $ > , / 3 , 7 ) (19) 
with 
9ΜΜ,φ) = Σ \¡^¿r cJ.*,n.«ßS2*(o.^ v)Ä"1x»(Ä). (2°) 
j , f e , η 
where we suppressed in the notation the dependence of с 'г
кПп
 on J , and 
replaced i by the compound index (υ,Ω). With this form of the wave 
function the rovibrational transition probability becomes 
Sj'/ъ (2J' + 1)(2J + 1) 
" ( - » » i n fi)2K*"'i^-i*b>i2. <21) 
i.e. it can be written as the product of the Hönl-London factor and a 
factor which we will use as our definition of the vibrational transition 
probability. Conversely, if the approximations leading to Eq. (19) are 
valid, then the quotient of Sj¡ , Eq. (18), and the Hönl-London factor 
/ τ / 1 τ \ ¿ 
ГУ (2.7' + 1)(V + !)(ƒ„,
 а
І
а
 J
a
)' (22) 
must be independent of J and J'. In order to test this approximation we 
tabulated the transition probabilities obtained by application of Eq. (22) 
in Table 7. 
We distinguish two types of transitions, the parallel transitions, with 
|ΔΩ| = 0, which are induced by the ν = 0 component of the body-fixed 
dipole moment μ Β Ρ , and perpendicular transitions, with |ΔΩ| = 1, in­
duced by the ν = ± 1 components. We expect these two types to have 
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rather different transition probabilities, because the most important con­
tribution to the total dipole, the charge dipole, only contributes to the 
ν = 0 component. By applying the above formula we want to obtain 
for each vibrational transition ν —> ν' one vibrational transition proba­
bility for parallel and one for perpendicular transitions. To see how well 
our approximate formula works for NH3-H -, we compare the vibrational 
transition probabilities for all J -> J ' , |Ω| -» |Ω'| transitions in Table 7. 
Parenthetically, we remark that the squares of all 3j symbols involved in 
transitions from J = 0 to J' = 1 , and vice versa, are equal to | , and for J 
= 1 to J' = 1 they are all equal to ^. Taking into account the division by 
the factor (2 J ' + 1)(2J + 1) in Eq. (22), we see that the vibrational tran­
sition probabilities are equal to the rovibrational transition probabilities 
for the first two transitions, and 1.5 times smaller for the third. 
In Table 7 we see that the approximate formula works reasonably well 
for the ortho species, for para the deviations are larger. This may come 
from the fact that the excited para states have lost their near-symmetric 
top behaviour. The transitions with ν = ν' are purely rotational. If the 
complex were a symmetric top the corresponding transition probabilities 
would be equal to the square of the expectation values of the component 
of the dipole moment that induces these transitions. For the parallel 
transitions with ν = v' the transition probabilities in Table 7 are nearly 
equal to | еДмн- | 2 и 30 (a.u.)2, the difference being caused by the other 
contributions to the parallel dipole component and by the fact that the 
complex is not exactly a symmetric top. The transition probabilities for 
rotational transitions with υ = υ' demonstrate also that | μ!^ | 2 is indeed 
much smaller than | ^ Q F | 2 · 
To get an idea whether the (ro)vibrational transitions in NH3-H -
can actually be observed in infrared or microwave spectroscopy, we may 
compare the vibrational transition probabilities given in Table 7 with 
those calculated for some known positive molecular ions. In molecular 
ions usually the protonating modes, i.e. H+ displacements relative to 
the center of mass, are very intense. One of the most intense vibra­
tional transitions in positive ions is a transition of this type, namely the 
v' = 1 «— ν = 0 transition in HF+, which has a vibrational transition 
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probability of 0.012 (a.u.)2 [26]. The vibrational transition probability 
for the stretch transition in NH3-H - (1/ = 2 «- υ = 0 in Table 7) is 
nearly ten times larger. This agrees with what we may expect if we con­
sider both systems as harmonic oscillators. The transition frequencies, 
314 c m - 1 for NH 3-H-and 2913 cm"
1
 for HF+ [27], differ by a factor 
of about nine. Since the reduced masses are nearly equal, this implies 
that the amplitude of the stretch vibration in NH3-H - is three times 
larger than that in H F + [28]. Consequently, the vibrational transition 
probability in NH3-H - is expected to be about nine times larger. Also 
the calculated intensities of rotational transitions, observable in the mi­
crowave spectrum, which are proportional to the square of the permanent 
dipole, are very large relative to other molecular ions such as H F + . 
6. Conclusions 
We have calculated the energy surface and the dipole moment surface 
of the molecule-ion complexes ГШз-Н~, NH3-D - and ND3-H -, their 
vibration-rotation-inversion states for J = 0 and J = 1, and the rovi-
brational transition probabilities between these states. Our results show 
that the complexes have a nearly rigid structure, with a hydrogen (deu­
terium) atom of the ammonia pointing towards the ion. The distance 
between this atom and the ion is about twice the distance between the 
atom and the nitrogen. We have determined the character of the vibra-
tionally excited states, and the way in which they are affected by isotope 
substitutions. The vibrational ground states of all complexes can be well 
described by assuming the systems to be nearly prolate asymmetric tops. 
This near-symmetric top behaviour is retained in the vibrationally ex­
cited ortho (A) states, whereas for the excited para (E) states it is lost. 
We find that the inversion motion in the complexes is nearly quenched. 
From ortho-para {Α-E) differences in the energy we infer that in the 
ground state the tunneling between the three equivalent minima in the 
potential occurs on the same time scale as the umbrella inversion motion 
in free NH3. For the excited states, however, the threefold tunneling is 
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much faster; its frequency is comparable with the rotational frequencies 
of the complex. To investigate whether it is possible to obtain all rovi-
brational transition probabilities for other total J transitions from the 
present calculations, we have derived an approximate expression for the 
vibrational transition probabilities for parallel and perpendicular tran­
sitions, depending only on the vibrational quantum numbers ν and v'. 
This approximate method seems to work well for the ortho species, for 
para the approximations appear to be rather crude. 
Even though the present results based on ab initio potential energy 
and dipole moment functions cannot reach the precision needed for mi­
crowave or far-infrared spectroscopy, the main features concerning the 
dynamics in NH3-H - and its isotopomers are believed to be predicted 
correctly. It is hoped that these results, in particular the prediction of 
the vibrational frequencies and some interesting tunneling effects, will 
stimulate new spectroscopic investigation of this cluster ion. Although 
the region around 300 c m - *, where the strong transitions of this ion are 
expected, is difficult to access by high-sensitivity spectroscopy, the pre­
dicted transition probabilities are so large that they may nevertheless 
allow the spectrum of this ion to be observed. 
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Chapter 1 
State-tostate total cross sections for rotational excitation and inversion 
of NH3 by collisions with Ar have been calculated within the accurate 
close coupling framework. The inversion motion in NH3 was included 
both via a delta function model and by taking the inversion coordinate 
explicitly into account. We used an ab initio potential and a potential 
in which one term in the angular expansion of the ab initio potential is 
scaled in order to reproduce spectroscopic data. At the energies of these 
calculations the delta function model is found to be in nearly quanti­
tative agreement with the 'exact' inversion results. Comparison with 
experiment shows the scaled potential to be better than the original ab 
initio potential. The state-to-state cross sections are in general accord 
with the measurements, both for ortho and para NH3. However, the rela­
tive magnitudes of the cross sections for transitions to the +/— inversion 
states of the same rotational level are not reproduced correctly for all 
levels, indicating that the scaled potential needs further improvement. 
Chapter 2 
We have calculated state-to-state total cross sections for rotational exci­
tation and inversion of NH3 by collisions with Ar using the close coupling 
method. The Ar-NHs interaction potential has been obtained from a fit 
to the spectrum of this Van der Waals molecule. The calculated cross sec­
tions agree to within about 30% with the measured values; the estimated 
error in the latter is 10 to 20%. 
Chapter 3 
The observed and ab initio calculated propensity rules for collisions of 
NH3 with rare gas atoms are found to be in reasonable agreement for 
ΝΗ3-ΑΓ, whereas for ІЧНз-Не they show large discrepancies. In order 
to examine these discrepancies we have calculated state-to-state inte­
gral cross sections for collisions of NH3 with He using the close coupling 
method. The ГШз-Не interaction potential has been obtained from SCF 
calculations, augmented by a multipole-expanded damped dispersion en­
ergy. Our calculations show that the discrepancies can be accounted for if 
the cross sections are corrected for the imperfect initial state preparation 
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in the experiment. They also clarify why the discrepancies do not occur 
to the same extent for NH3-Ar. After comparing our new theoretical 
results with the experimental data we found that for one experimental 
cross section for ІЧНз-Не the earlier assignment must be corrected. 
Chapter 4 
By means of the close coupling method we have calculated state-to-state 
differential and integral cross sections for rotational excitation and inver­
sion of NH3 by collisions with Ar and He. For ΝΗ3-ΑΓ we used an empir­
ical and a scaled ab initio potential, for ]МНз-Не an ab initio potential. 
The differential cross sections for NH3-Ar obtained from the empirical 
potential have an angular dependence that is in closer agreement with 
experiment than those obtained from the scaled ab initio potential. The 
integral cross sections are reproduced equally well by the two potentials. 
Also for NH3-He the differential cross sections are in accordance with 
experiment. For the integral cross sections the agreement is good too, 
except for the very small cross sections to some of the higher rotationally 
excited states. For both complexes the differential cross sections show a 
strong dependence on energy, both in their angular dependence and in 
their relative magnitudes. 
Chapter 5 
Quantum mechanical calculations have been performed to study the frag­
mentation dynamics of the ΑΓ-ΝΗ3 Van der Waals complex excited in 
the v2 ("umbrella") vibrational level with v-i = 1. Vibrational predis-
sociation has been investigated for different initial quasibound states, 
corresponding to excitation in the stretching or bending Van der Waals 
levels or in the tunneling motion of the NH3 umbrella inversion, for both 
ortho and para varieties of NH3, and for three values of the total angular 
momentum J and its projection Ω onto the intermolecular axis: (J, Ω) = 
(0,0), (1,0) and (1, ±1). The calculations were performed for two differ­
ent intermolecular potential energy surfaces, one determined ab initio by 
Bulski et al, [J. Chem. Phys. 94, 491 (1991),} and the other where the 
ab initio potential has been scaled to fit spectroscopic data of ΑΓ-ΝΗ3, 
proposed by Van Bladel et al., [J. Phys. Chem. 95, 54Ц (1991)}. The 
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lifetime obtained from the ab initio potential lies within the limits set by 
experiment for the lowest ortho Π (i.e. |Ω| = 1) level with J = 1, while 
the scaled potential gives too short a lifetime. The results also show that 
excitation of the Van der Waals stretching mode accelerates the predis-
sociation but does not affect the NH3 final state rotational distribution 
very much. On the other hand, bending or tunneling excitation does 
lead to a very different final rotational state distribution. Ortho states 
have very similar final state distributions for Σ (|Ω| = 0) and Π (|Ω| = 1) 
states, but this is not true for para states. Finally, comparing the αό ini­
tio and scaled potentials, no systematic trend emerges for the amount of 
even (+) and odd (—) symmetry of the final states, but the scaling of 
the potential shortens the lifetimes, gives a wider final state rotational 
distribution, and provides more excitation in the к quantum number (the 
projection of the NH3 rotational angular momentum on its C3 axis). 
Chapter 6 
The potential energy and dipole moment functions of the molecule-ion 
complex NH3-H - and its isotopomers NH3-D - and ND3-H - have been 
calculated by the CEPA-2 method. From these functions we have com­
puted the vibration-rotation-inversion states for J = 0 and J = 1, and 
the rovibrational transition probabilities between them. The complexes 
are found to have a nearly rigid structure in the ground state, with the 
H - or D - ion localized near a hydrogen (or deuterium) atom of the am­
monia, and a small probability of tunneling between the three equivalent 
equilibrium positions. For the vibrationally excited states, however, the 
probability of this threefold tunneling increases considerably. The um­
brella inversion of the ammonia is nearly quenched by the presence of 
the ion. The character of the rovibrational excitations is determined, 
and is found to be affected by the isotope substitutions. In order to in­
vestigate whether it is possible to evaluate the rovibrational transition 
probabilities for other total J transitions from the present calculations, 
an approximate expression for the vibrational transition probabilities has 
been derived. The formula appears to be valid for the ortho species, for 
the para species it is found to be rather crude. 
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Theoretisch onderzoek aan dynamische processen 
in atoom-molecule complexen met een zwakke wis-
selwerking 
157 
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In dit proefschrift doen we verslag van theoretisch onderzoek aan drie ver-
schillende dynamische processen in een atoom-molecule complex. We be-
schouwen botsingen tussen het atoom en het molecule, gebonden toestan-
den van het atoom-molecule complex en dissociatie van een aanvankelijk 
gebonden complex door absorptie van een foton. 
In onze beschrijving van deze dynamische processen passen we de 
Born-Oppenheimerbenadering toe. De berekeningen die in dit proef-
schrift zijn beschreven, hebben voornamelijk betrekking op de tweede 
stap in de Born-Oppenheimerbenadering, dat wil zeggen, op de kernbe-
wegingen. De electronische potentialen uit de eerste stap, die de sterkte 
van de krachten tussen de verschillende kernen in het complex bepalen, 
zijn in de meeste gevallen door anderen bepaald. 
In de zogeheten vanderwaalscomplexen die wij hier bestuderen, zijn 
de krachten tussen het atoom en het molecule veel zwakker dan de krach-
ten die verantwoordelijk zijn voor de (chemische) bindingen binnen het 
molecule. De aantrekking tussen atoom en molecule vindt zijn oorsprong 
in de electrostatische wisselwerking, in hun wederzijdse polarisatie, en in 
de zogenaamde dispersie-interactie. De dispersie-interactie is een puur 
quantummechanisch effect, evenals de afstotende exchange-interactie tus-
sen de gesloten-schil monomeren. Omdat de aantrekkende vanderwaals-
krachten zwak zijn behouden de monomeren grotendeels hun eigen ka-
rakter en kan men in de dynamische processen de samenstellende delen 
blijven onderscheiden. 
Het molecule in de complexen die wij hier beschouwen, is het ammoni-
akmolecule NH3. Het NH3 is een symmetrische tol die op een paraplu lijkt 
(zie ook de omslag van dit proefschrift), die kan omklappen. In termen 
van de quantummechanica betekent dit dat de waarschijnlijkheid om het 
stikstofatoom (N) boven het vlak van de drie waterstofatomen (H) aan te 
treffen even groot is als de waarschijnlijkheid om het stikstofatoom eron-
der aan te treffen. Het gevolg daarvan is dat NH3 een flexibel molecule is, 
dat geen vaste evenwichtsstructuur heeft. De omklapbeweging (inversie) 
is geassocieerd met twee quantummechanische toestanden, een symme-
trische en een antisymmetrische inversietoestand. De rotatietoestanden 
van het ammoniak zijn geassocieerd met de verschillende tolbewegingen 
die het kan uitvoeren. Dat zijn er in principe oneindig veel, omdat zowel 
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de rotatiesnelheid als de richting van de rotatieas kan variëren, beide zijn 
wel gekwantiseerd. 
In de eerste vier hoofdstukken worden berekeningen besproken aan 
botsingsprocessen tussen ammoniak en een argonatoom of een heliuma-
toom. Door een botsing met het edelgasatoom kan zowel de rotatie- als 
de inversietoestand van het ammoniak veranderen. De integrale botsings-
doorsneden die uit de berekeningen komen, zijn een maat voor de quan-
tummechanische waarschijnlijkheid om van de ene rotatie-inversietoe-
stand in een andere terecht te komen, als gevolg van de botsing. Onze 
berekeningen zijn gebaseerd op de nauwkeurige gekoppelde kanalen me-
thode. 
Tot nu toe werd in dit soort berekeningen de inversiebeweging van het 
NH3 beschreven met behulp van een model. Dit model is gebaseerd op de 
aanname dat de tijdsduur van een botsing veel korter is dan de periode 
van de inversie. In hoofdstuk 1 hebben we de geldigheid van dit model 
getoetst aan de hand van berekeningen voor ІМНз-Аг. Uit onze bere­
keningen blijkt dat het model inderdaad toegepast mag worden. Voorts 
hebben we in hoofdstuk 1 vastgesteld dat kleine verschillen in de potenti­
aal van grote invloed zijn op de grootte van de integrale botsingsdoorsne-
den. De gebruikte potentialen geven een redelijke overeenstemming met 
experimenteel bepaalde integrale botsingsdoorsneden. 
In hoofdstuk 2 vergelijken we de integrale botsingsdoorsneden voor 
ΝΗ3-ΑΓ uit hoofdstuk 1 met integrale botsingsdoorsneden die zijn bere­
kend met behulp van een empirische potentiaal. De empirische poten­
tiaal is afgeleid van verre infrarood spectra van het gebonden NÜ3-Ar 
complex. Het blijkt dat de empirische potentiaal een nog iets betere 
overeenstemming geeft met het experiment. 
Eerdere onderzoekingen aan botsingsprocessen tussen NH3 en He ga-
ven grote discrepanties te zien tussen de theoretisch en de experimenteel 
bepaalde integrale botsingsdoorsneden. In hoofdstuk 3 hebben we de 
mogelijke oorzaken van deze discrepanties onderzocht. In het experiment 
zit het overgrote deel van de NH3 moleculen voor de botsing in één en 
dezelfde rotatie-inversietoestand. Een klein deel zit echter in een andere 
rotatie-inversietoestand. De verklaring voor de discrepanties blijkt te lig-
gen in het feit, dat men er ten onrechte van uitging dat de bijdrage aan de 
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experimentele botsingsdoorsneden vanuit die andere begintoestand ver-
waarloosd mocht worden. 
Behalve integrale botsingsdoorsneden kan men in de experimenten 
ook zogenaamde differentiële botsingsdoorsneden meten. De differentiële 
botsingsdoorsneden geven eveneens de waarschijnlijkheden voor over-
gangen tussen rotatie-inversietoestanden, maar dan als functie van de 
afbuighoek. De differentiële botsingsdoorsneden bevatten dus gedetail-
leerdere informatie dan de integrale botsingsdoorsneden. Onlangs zijn 
differentiële botsingsdoorsneden gemeten voor ΝΗ3-ΑΓ en ІЧНз-Не. In 
hoofdstuk 4 geven we de berekende differentiële botsingsdoorsneden voor 
beide complexen en we vergelijken deze met de metingen. De resultaten 
voor ΝΗ3-ΑΓ blijken een iets betere overeenstemming te geven met de 
experimentele gegevens dan die voor ІЧНз-Не. Daaruit concluderen we 
dat de ΝΗ3-ΑΓ potentiaal nauwkeuriger is dan de NH3-He potentiaal. 
In hoofdstuk 5 behandelen we vibratie-predissociatie van het ΝΗ3-ΑΓ 
complex. Hierbij wordt een interne vibratie van het ammoniakmolecule 
aangeslagen door met een laser een foton met een geschikte frequentie in 
te stralen. De energie van deze vibratie is veel groter dan de dissociatie­
energie van het zwak gebonden 1ЧНз-Аг complex. Doordat de energie van 
de interne vibratiebeweging weglekt naar de vibratie van het Ar langs de 
bindingsas met het NH3, fragmenteert het complex uiteindelijk. 
Uit de berekeningen volgen de levensduur van het aangeslagen NH3-
Ar complex en de waarschijnlijkheid om het NH3 na de dissociatie in een 
bepaalde rotatie-inversietoestand aan te treffen. Ook in deze berekenin­
gen blijkt de potentiaal van grote invloed te zijn op de resultaten. 
Tot slot wordt in hoofdstuk 6 het berekende infrarood-spectrum van 
het gebonden dipool-ion complex NH3-H - (en de isotopomeren ND3-H -
en NH3-D - ) besproken. Daartoe hebben we eerst de bijbehorende po­
tentialen berekend. Doordat de electrostatische bijdrage aan de van-
derwaalskrachten voor dit complex groter is dan voor een neutraal van-
derwaalscomplex, is de binding tussen het NH3 en het geladen atoom 
sterker. Het blijft evenwel mogelijk om het molecule en het ion binnen 
het complex te onderscheiden. 
De berekeningen maken het onder andere mogelijk om de bewegin­
gen van het H _ in de verschillende toestanden te bepalen. In de grond-
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toestand is één van de waterstof atomen van het NH3 naar het H~ gericht. 
De waarschijnlijkheid dat het H - tussen de drie waterstofatomen van het 
NH3 op en neer tunnelt, is klein. In de aangeslagen toestanden, waarin 
het ion buig- en strekvibraties langs de bindingsas met het NH3 uitvoert, 
neemt die waarschijnlijkheid aanzienlijk toe. De aanwezigheid van het 
H~ belemmert de inversiebeweging van het NH3. Uit onze berekeningen 
blijkt verder dat de overgangswaarschijnlijkheden tussen de verschillende 
toestanden van het complex groot genoeg zijn om het infrarood-spectrum 
ook experimenteel te kunnen bepalen. 
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